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We present a comprehensive review of implementation and application of Laplace deep-level
transient spectroscopyLDLTS). The various approaches that have been used previously for
high-resolution DLTS are outlined and a detailed description is given of the preferred LDLTS
method using Tikhonov regularization. The fundamental limitations are considered in relation to
signal-to-noise ratios associated with the measurement and compared with what can be achieved in
practice. The experimental requirements are discussed and state of the art performance quantified.
The review then considers what has been achieved in terms of measurement and understanding of
deep states in semiconductors through the use of LDLTS. Examples are given of the characterization
of deep levels with very similar energies and emission rates and the extent to which LDLTS can be
used to separate their properties. Within this context the factors causing inhomogeneous broadening
of the carrier emission rate are considered. The higher resolution achievable with LDLTS enables
the technique to be used in conjunction with uniaxial stress to lift the orientational degeneracy of
deep states and so reveal the symmetry and in some cases the structural identification of defects.
These issues are discussed at length and a range of defect states are considered as examples of what
can be achieved in terms of the study of stress alignment and splitting. Finally the application of
LDLTS to alloy systems is considered and ways shown in which the local environment of defects
can be quantified. @004 American Institute of PhysidDOI: 10.1063/1.1794897
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I. INTRODUCTION model is developed within a framework of thermal equilib-

L . ._rium (or near equilibriunn Deep-level detection experiments
Thermal emission of current carriers from defects in ( q m P P

semiconductors has been used as a characterization tec~ generally performed by introducing perturbations to the

nique for over 50 years. One of the most significant earlyCarrler density or to the occupancy of the deep states in-

publications was by Saét al in which he reviewed his own volved "’.md. observing the return to equmbrlum: Tgkmg elec-

. . . tron emission as an example, the electron emission rate as a
and earlier work on a quantitative basis. Sah and a few oth [mction of temperature is aiven b
groups working in the late 1960s focused on the measure- P 9 y
ment of deep state properties within the depletion region of a E_E
p-n junction or Schottky diode. This represented a very sig-  g(T) = gn<vn>%[\|c exp <- C—t> (1)
nificant advance compared to measurements on bulk or G keT
highly compensated material that had often been used in

early experiments. The fundamentally important point in re—V"herGEC_Et Is the energy separation of the deep state from

lation to depletion layer methods is that they provide an en(in this casg the conduction band. The degeneracy teggis

vironment where the occupancy of the deep state can b@nd o1 r_efer to the state before and after electron emission,
manipulated with relative ease. In general they also have th@Sp_eCt'VeIY' The parameter, is the electron capture cross
advantage of providing much greater sensitivity than bquS?Ct'on Wh'Ch may or may not be temperature dependent as
methods. Sah described many techniques utilizing depletioW'" be discussed later. In these gquatlons the'thermal veloc-
methods and in this paper we deal exclusively with depletiody Of €lectrons(v,) and the density of conduction-band and
measurements. Sah, and subsequently many others usififi€SNc are temperature dependent,

thermal emission measurements to study deep states, repeat- 12

edly drew attention to the difficulty of separating the time vy = (?’k_BT)
constants of exponential emission transients from different

defect states. In this paper we review the issues involved in

measuring closely spaced carrier ionization energies of deed

states and focus on how major advances have been made in . a
separating thermal emission transients using a Laplace-  _ ZMC( 2mm kBT> , 3

2)

transform method. h?
A. Carrier capture and emission of carriers at deep where M., is the number of conduction-band minima. The
states Nev, product has &2 dependence therefore a plot g&ff T?

. as a function off ! is a straight line with activation energy
A deep level almost always changes its electron occux . ) .
E,. and preexponential factor defined by,, if a

pancy via carrier transitions between the level and the band?emperature-dependent capture cross section is allowed for
of the forn?
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” fied as the major deficiency of the DLTS technique as in
o(T) = 0. exp <‘ k T) (4) most experimental cases a number of deep states are present
° simultaneously and sometimes these have very similar emis-
and sion characteristics.
% DLTS is unlike optical spectroscopy which when con-
Ona= atf@c- (5) ducted at low temperatures can provide very sharp lines.

DLTS always produces broad, relatively featureless spectra
Experimentally, it is found that data for most traps fit anthat are difficult to interpret in terms of precise energetic
equation of this form over many orders of magnitudeggf  relationships. In reality Lang had choséperhaps unwit-
although considerable care is required in the physical intertingly) a filter that has proved to be a very good compromise
pretation ofE,, and o,,, In the formulation presented here between energy selectivity and concentration detectivity. In
E,, can be identified withE.—E;) + AE,. It does not give the consequence Lang’'s work popularized deep-level measure-
energy level of the trap directly. Furthermore, this identifica-ments by eliminating the tedious graphical analysis tech-
tion only holds if (E.—E,) is itself temperature independent. niques normally used by the few specialists in the field work-
0na is the apparent capture cross section and as derived heirgg in the 1960s and early 1970s. DLTS provided a technique
is identified with (go/g9;)0.: it is not equal to the directly that produced the form of output much appreciated by scien-
measured capture cross section. This is an issue that is diists, namely, a sequence of peaks which, in favorable cir-
cussed at great length in the literature and often expressed fumstances, could be attributed to specific impurities or
thermodynamic term&.It is a subject of importance when structural defects. The filter desigreferred to as a “double
energies derived from thermal emission measurements atwxcar’) also had the important attribute of intrinsic dc re-
compared with other methods, for example, optical absorpjection so that in normal circumstances if no defect was
tion or photoluminescence and increases in importance ipresent the filter output was zero.
relation to Laplace deep-level transient spectroscopy The time constant resolution of conventional DLTS is
(LDLTS) due to the higher resolution available. The topic istoo poor for studying fine structure in the emission process.
revisited in this review in relation to uniaxial-stress measureThe reason for this is the choice of filter rather than thermal
ments in Sec. IVB 1. broadening. The end result is that even a perfect defect, with
no complicating factors, produces a broad line on the DLTS
spectrum due to instrumental effects. Any variation of time
B. Processing of emission transients constant present in the defect emission results in an addi-
In 1974, Lang introduced a simple form of signal pro- Fional b.roadening of the peak, so this structure is practically
cessing to display the temperature-dependent emission trafflPOSSible to resolve unless the time constants are well sepa-
sients from deep states. This method produced a sequence'gf€d- Some improvement in resolution is possible simply by
peaks as the temperature was scanned, each of which codffanging the filter characteristic and many papers have been
be interpreted as relating to an electrically active defect. Thi®uPlished on this topic and also on methods to achieve better
technique was named deep level transient spectroscoyergy resolution at the expense of detectivity.
(DLTS) and was, in essence, a simple analog filtering method ~ L@nd’s system generated peaks in which the area under
in which a peak was produced when the emission ratdhe curve was proportional to the_charge egchange, which in
matched the filter “rate window.” In general thermal emis-the simplestand most usugicase is proportional to the de-
sion transients from deep states are often small and superifCt concentration. Because, in most cases, the peak half
posed on a background potential that changes slowly as tpuidth is prlmar.|ly dependent on the filter design ra}ther that
temperature is scanned. In consequence a fundamental (&) S0me physical property of the defgother than its en-
quirement for any DLTS like system is a rejection of this 9Y) the height of the peak rather than its area is commonly
background level either as an intrinsic feature of the filter ofUS€d @s the parameter to measure concentration. If higher

as a separate “dc restoration” step. As the emission transieRP'€"9Y resolution is achieved this approximation breaks
signal is often quite small, sensitivity or, in reality, signal-to- down. It then becomes necessary to determine the area under

noise considerations are of crucial importance. the peak rather than its height as a measure of charge ex-

As discussed earlier the use of depletion methods proch@nge and hence of concentration of the defect.
vides a dramatic increase in detectivity compared to the bulk . L ,
methods of the very early investigations but beyond that™ Principles and limitations of deconvolution

. 4 - . . methods
there are system engineering considerations affecting detec-
tivity (which will be discussed latgrand the efficiency of Many approaches have been applied to try to separate
filtering method chosen. The latter is a very complex issuexponential transients. In DLTS there have been two broad
and is central to this review. At this stage it is worth gener-categories of methodologies, which can be clagpedhaps
alizing in the sense that the signal-to-noise performance of aomewhat simplisticallyas analog and digital signal pro-
system will degrade as the bandwidth of the filter decreasesessing. All analog signal processing is undertaken in real
This means that in the limit the ability to separate closelytime as the sample temperature is ramped, picking out only
spaced transients is only likely to be achieved at the expensme or two decay components at a time. Some form of filter
of sensitivity to defect concentration. The problem of sepaproduces an output proportional to the amount of signal that
rating closely spaced transients has been repeatedly identhey see within a particular time constant range. Most fre-
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quently this is done by multiplying the capacitance meterscientific problem and has exercised the minds of many
output signal by a time-dependent weighting function, a conprominent mathematicians for at least two centuries. Essen-
cept generalized by Miller, Ramirez, and Robin§on. tially the problem of extracting multiple closely spaced de-
Several different weighting functions were investigatedcaying exponentials is fundamentally ill posed and so in the
in these analog systems, e.g., the double boxcar used {tesence of noise there is no unique solution. Any practical
Lang’s7gr|g|nal DLTS work; the square Owave(l_ock-m) method has to consider what might constitute a realistic an-
system® exponentiaf, and multiple boxcat? A major con-  gyer 19 the problem and this process will be considered in

cern in all of this early work has been to try to improve or aFdetaiI later in respect of the Laplace transform. It is referred

least retain the signal-to-noise performance of Lang’s origi- o
.to as the regularization process.

| [ [ “optimize” th - .
nal double boxcar system or at least to “optimize” the sensi The problem of what algorithm to use to extract the

tivity versus resolution trade-off. The exponential correlator s | digital tem is difficult b f th
provides the greatest sensitivity but the worst resolution“OMPONENTS 1N a digital sysiem 1S diflicult because of the

Higher order filters provide the highest selectivity but theVe'Y large number of possibilities at least in general terms.
best that can be achieved in practice with these systems is &?°king specifically at the DLTS requirement there are some
improvement of a factor of 2—3 in resolution at a substantiafXPerimental factors, which narrow the field of acceptable
cost in terms of noise performance. options very considerably. In DLTS experiments the baseline
The topic had been revisited by Istratdwho pointed  to which the exponential transient decays is not known with
out that all weighting functions proposed prior to 1997 usedany degree of precision so this must be taken as a variable in
nonsymmetrical rate windows which provide a higher orderthe analysis. The transients can be of either polarity and in
low pass bandfiltering out slow transienjsbut lower order  some circumstances both polarities may be present simulta-
at the high-frequency edge. This results in mediocre filteringheously. An essential feature is that any algorithm must pro-
of the transients faster than the peak response. This is a cogide accurate amplitude as well as rate information in rela-
tributory factor to the well-known peak Shape in conven-tion to each transient Component_
tional DLTS where the low-temperature side of the curve is  However, perhaps the most difficult issue is that in

steep(low-frequency filtey while the high-temperature side p|Tg not all states are expected to provide ideal exponential
is broad. Istratov calculates that a third order weighting f“nc'decays. The Poole-Frenkel effasee, e.g., Ref. JXesults

tion can, in principle, resolve two transients with a ime con+, 4'increased emission rate with increasing field and so in
stant ratiory/ 7,~ 8. Our experience indicates that even thlsthe range of fields within a depletion region the emission

is rather difficult to achieve in practice and where two statesfrom a specific defect will change continuously within de-

of quite different concentrations are concerned it often re-. - - . .
. . . fined limits. Similarly inhomogeneous strain can produce a
quires interpretation of a shoulder on the larger pea

particularly difficult issue if the smaller peak falls on the continuum of emission rates associated with a specific de-
high-temperature side of the dominant feature fect. It is highly desirable that the deconvolution algorithm

In practice the majority of the world’s DLTS systems are '6cognizes that such phenomena exist and presents this in-
still simple analog processors based on Lang’s originaformation in a graphical form to the users ideally as a mean-
double boxcar design or a lock-isquare wave correlatpr ingful broadening of theS function, which would otherwise
principle. The resolution performance of these is worse thafiepresent the ideal monoexponential solution.
higher order systems and can probably only distinguish tran- ~Many of these issues have been considered previously in
sients with a time constant ratin/r, of ~12 or ~15, re-  the literature. Within the specific context of DLTS using digi-

spectively. tized transients various schemes have been published and
One of the reasons for adopting this rather simplisticvarious degrees of success reported. Among the range of
approach in commerical versions of DLTS systems is thatpproaches that are of importance is the method of moments
complex (higher ordey analog correlators are difficult to technique as exemplified by lkossi-Anastasiou and
implement and extremely difficult to maintain in a state Roenkerll3 Nolte and Ha||ej|'4 used an approximation the
which gives optimum performance. However if the transientgayer-Stehfest algorithm to effect a Laplace transform al-
is digitized it is relatively easy to implement almost any {hough achieving a substantial increase in resolution found

porrelation _fl_Jnction or indeed more complex signal processg, approach to be unstable in the presence of experimental
ing. The critical components are then the transducer and r&ise levels. Eichet al'® use Tikhonov regularization to

lated circuitry used to monitor the occupancy of the state . S .
. Separate the constituent exponentials in a photoinduced cur-
(usually a capacitance meter and pulse generand the

analog to digital converter. The analog transient output of thé?nt transient spectroscopy signal with an approach very

capacitance meter is sampled and many digitized transien%m_IIar t_o th?t Wh!Ch has been adopted for the work de-
averaged to reduce the noise level. Assuming Poisson stati§¢riPed in this review. Although many other methods have

tics the improvement obtained in signal-to-noise ratio using?®en used it is not intended to give a comprehensive treat-
this procedure iN®5, whereN is the number of transients Ment of the relative merits of the vast range of mathematical

averaged. All of the accessible decay time constants are thdfichniques here because the problem has been reviewed re-
picked out of the acquired wave from by software. cently in considerable detalil by Istratov and VyverJIQ(T.his

This task of separating multiple, closely spaced, decayean be used as a reference on which to base the description
ing exponential components in measured data is a generaf the implementation presented in the following section.
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Il. THE IMPLEMENTATION OF LAPLACE DLTS Noise is introduced in the digitization process. An
8 bit A to D converter operating on a signal with no noise
will limit the SNR to 250 and a 12 bit converter to 3000.
A Laplace DLTS system consists of a cryostat in whichThis assumes that all the bits will be available for conversion
the sample is mounted, a transducer that monitors the thepf the transient. This is not always the case because of dc
mal carrier emission after excitation by a pulse generatorpffset and the need to accommodate negative as well as posi-
and a data collection system for the averaging of transientsive signals. Allowing for measuring transients of both po-
The averaged transient is then delivered to a computer whiclarities and taking into account the practicalities of having
implements the Laplace transform and displays a representaome offset potential, it would seem a safe design target to
tion of the deep-level spectrum. select a 16—bit converter with 32 bits of memory for each
It is quite evident from the discussions in Sec. | andpoint of the accumulated transient.
references therein that to achieve high resolution in the sepa- The ultimate noise limit is defined by the noise from the
ration of emission rates, the overriding issue must be th&éample itself, but there are practical limits in what can be
Signa|-to-noise rat|QSNR) of the processed transients. Tem- achieved in the tranSducer, which monitors the emission of
perature instabilities, lack of digitizing resolution pickup of carriers. In general, it is highly desirable to measure capaci-
50/60 Hz signals, and 1fluctuations all constitute noise t&nce rather than current because this enables majority and
with different spectral characteristics and different signifi-Minority carrier emission to be distinguished and, in practice,
cance in the Laplace transform. However for expediency th&€ vast majority of DLTS systems are based on capacitance
SNR is defined here as the ratio of the peak voltage of thd'eters. By far the most popular device for the measurement
measured transient to the rms noise voltage over the system capaqltance transients is the Boonton model 72 B, which
bandwidth. In the following discussion the SNR of the tran- V&S designed over a quarter of a century ago. Although much

sient stored for analysis is considered and also the SNR grore sensitive capacitance meters eXishe Boonton is an

the measured transient as it appears at the output of the trargemely usable device in the sense that it has an excellent

. .~ rejection ratio of capacitance to ground as a result of a three
ducer(usually a capacitance metefhese two SNRs are, in .
terminal measurement system and uses only a small ac test
general, not the same because the SNR of the analyzed tran-
sient can be improved by averaging or in some cases des_|gnal(15 or 100 mV'rms dependent on the mqdeihas an
ded by diditi pt' Y ging adequate response speed for most measureni@its ms
graded by digitization noIse. with minor modifications In consequence, most Laplace

, In order. t,o prO\fm?e a beqchmf;rk for'the 'kllz;\]rdware "eDLTS systems use the Boonton model 72 B with an ac test
quirements it is useful to consider that, using Tikhonov r9Usignal of 100 mV at 1 MHz. When using the 10 pF range,

larization algorithms, from fundamental considerations &he output noise level referred to the inputid fF rms.

S_NR greate_r or equal t-o 0s rngre_:d in order to refsolve Any modulation of the voltage supply to the test diode
S|g-nals of similar magnitude with a time constaqt ratio of 2. 5,59 provides a modulation of the capacitance and hence
This value refers to the processealeragegitransient. The  noise. For an abrupt junction diode or a Schottky barrier,
detailed effects of SNR and measurement conditions are e%-/c2 , v and so the noise on the power supply is amplified
emplified in the next sections for specific algorithms. by a factor of 2 because of the dependence of the sample
In selecting a measurement emission rate of aroundapacitance on voltage. Considering the limiting case, with
10°s™* (i.e., ~1 kHg), Lang in his original DLTS experi- 1 fF noise and requiring a transient for analysis with a SNR
ments chose a part of the spectrum that is relatively noisgf 10°* and averaging 100 transients, a SNR in the capaci-
free. This range escapes the worst effects of Adise in  tance meter output of 2qassuming white noigesnables a
semiconductor measurements and radio frequency pickugapacitance transient of 100 fF to be measured. For a quies-
problems. It is also consistent with the probe frequency otent capacitance of 10 plfairly typical for a DLTS samplg
1 MHz commonly used in capacitance meters. In consea power supply stability of +% 10> would be required
quence emission rates in the range 50°—10* are an appro-  which on a 5 V supply is £0.15 mV. In practice the overall
priate working range for Laplace DLTS, although constraintsperformance of an excitation circuit with a typical sample
on temperature and trap depth may necessitate operating welhd a Boonton capacitance meter working on the 10 pF
outside these rates. range is a noise level referred to the input of less than
A consequence of averaging a large number of transient8.5 fF rms.
is an increase in the measurement time. This will not neces- A very obvious and pertinent question is how long
sarily improve the SNR if the system does not have a stablghould the transient be sampled for and how many samples
cryostat. Temperature shift of the sample is a particularlyshould be taken? The first question is relatively simple to
insidious source of noise and is more critical for shallowdeal with. The proportionate difference between two expo-
states. For a 100 meV state a stability of +50 mK over thenential decays of similar time constants increases with time.
longest measurement period is required. The consideratiodr two transients with decay rategande; the ratio of the
above, which define the required signal-to-noise and the pagmplitudes is
of the spectrum in which the system will be operational,

. L exp{(e; —eyt}. (6)
establish to a large degree the specification of many of the
components of the system and place limitations on the type In practice this means that the sampling should continue
of semiconductor sample that can be measured. until the noise level is reached for the longest transient. If, as

A. Hardware and technical requirements
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100

discussed above, a SNR at the capacitance meter“is10
required then it is necessary to sample for about five times its
time constant.

The decision which needs to be made in relation to the
number of points to be sampled in a transient and subse-
quently analyzed is much more complicated. Istratov and
Vyvenko16 draw attention to the fact that if one is analyzing
a transient with three or four exponentials, in principle,
something like 20 points is probably the optimum as the
addition of more points merely increases the bandwidth of
the system thus making the Laplace transform less stable

Ideally samples should be unequally spaced in Himawith M /5 7Q

smaller time spacing being used at the beginning of the tran- 30
sient (equispacing on a logarithmic time scplén practice
the real situation is rather different. A conventional A-D con- 10
verter samples at a constant rate with a fixed sample time. It 10 100 1000
is of_course po_ssmle to _mtrqduce some supple_mentary pro- Emission rate (s)
cessing to provide logarithmic spaced sample times through
mathematical fitting of groups of measured points. This proFIG. 2. Results of numerical tests demonstrating a role of the noise on the
cess works very well for a Sing|e exponent however in pracIESO|Uti0l’l of the methods implemented in the system described in this work.

. . ! . The bar diagram depicts the emission rates and amplitudes of four monoex-
tice there are a number of equnentlal decays present dum}%nential components assumed in the simulated transients. For a given noise
each DLTS measurement transient. In consequence the alggyel three different numerical routines have been used.
rithm for optimizing the sampling and the precalculation of

the sa_lmples depends on the solution, so that an iterative prasq gerivative of the spectral function. In order to determine
cess is necessary and the whole procedure becomes so Wy mych this second derivative has to be suppressed it is

wieldy that it is unusable in practical work. Another issue iSpecessary to use a numerical method based on a statistical
the fact that the actual sampling tiniae time data is aver-  gnayvsis of the magnitude and spectral distribution of the

agepi over in order to detgrmine the vgloé commercially noise within the experimental data. Additionally all numeri-

available A-D converters is fixed so that there is no averaggg| methods employed in the Laplace DLTS system attempt
ing between widely spaced digitized points. In reality this, fing a spectral function with the least possible number of
effective “averaging” is set by the system bandwidth so thaheays which is consistent with the data and experimental

there is a noise penalty an taking a small number of samplesgise: a procedure referred to as the principle of parsimony.
for the calculation. This approach has the consequence that the computed spec-

_ Given that practical considerations require an equal samy;, optained are “noise free” in a sense that peaks having
pling rate about 50 samples are needed for the monoexpQnpjitudes around the noise level are removed from the
nential case. However as there will be a range of decay rateﬁaectra by the numerical procedures.
in the experimental data typically spanning three decades |, our experimental manifestation of the Laplace DLTS

something of the order of 5000 samples are typically neededysiem three different software procedures are used for the
per measurement. The numerical routines referred to abov§,merical calculations. All of them are based on the

provide a stable solution with this level of sampling.

Amplitude (arb. units)

Tikhonov regularization method, however they differ in the
way the criteria for finding the regularization parameters are
B. Deconvolution algorithms and mathematical defined. The first orfé (CONTIN) is in the public domain and
limitations has been obtained from a software libf&rgnd modified in
rder to integrate it with our system. The outline code of the
econd on@ (FTIKREG) is distributed by the same library but
it has been substantially modified by the original authors for
* et operation within our LDLTS system. The last ﬁﬁeFLOG)
ft) :f F (9e™ ds. (7) " has been specifically developed for the system. The parallel
0 use of three different software packages substantially in-

This equation is of a Fredholm-type, which means thatcreases the level of confidence in the spectra obtained. Ad-
as discussed previously, the problem is fundamentally illditionally, for preliminary data analysis a discretaultiex-
posed. As a result, an approximate spectral function can bgonentiaj deconvolution method can be us@d-his method
obtained only from complex numerical approximation meth-is based on a simple integration proced%?fe.
ods. The Tikhonov regularization metH8ds very effective Many numerical tests have been performed using these
for the LDLTS case. In general, in this method an oscillatorysoftware procedures in order to establish their reliability and
character of the spectral function, which could be a result operformance in “difficult” cases. Some numerical tests have
a simple least-square fitting procedure when the number dfeen published in the first presentation of the method
peaks(monoexponential components not constrained, is which we supplement here with some further detailed illus-
suppressed by an additional constraint imposed on the setrative examples. Figure 2 shows the results of numerical

The spectral function is obtained from the measureoE
transient by solving the integral:
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tests where the role of noise on the resolution of the three \
different methods is demonstrated. The bar diagram depicts
the emission rates and amplitudes of four monoexponential /\
components assumed in the simulated transients. The emis- -

sion rate ratio between the two outer components is 10,
which is slightly better than the resolution limit for conven-
tional DLTS. The ratio of emission rates between two right-
hand side components is 2 which is what is usually assumed
as the LDLTS resolution limit for essentially noise-free tran-
sients. The two rates at the center of the diagram have a ratio
of 1.7 and very different magnitudes.

The depicted results demonstrate typical instabilities
when the numerical routines are used to analyze closely
spaced exponentials in the presence of noise. The incorpora-
tion of the principle of parsimony in the software means that
there is a tendency to approximate with a simpler spectrum LB L L B S L) B ) e
(fewer componenjghan the real spectrum. It is seen that for 1 10 100 1000 10000
a SNR worse than 300 the different numerical procedures do Emission rate (s %)
not produce the same result. This is a very clear indication
that they cannot cope with the combination of resolution andFIG. 3. Numerical tests calculated with the Contin procedscdid lineg
noise level. For a SNR of 300 one obtains agreement be{_@r the transient generated for the spectral_ functions are ;hoyvn by dashed

. . . ines. These tests show a tendency of the Tikhonov regularization method of
tween the solutions but the two middle components with an
emission ratio of 1.7 stay unresolved. Only for the very high
SNR of 3000(which in most cases is unrealistic experimen-
tally) are all components properly revealed in terms of theattempts to create a number of narrower peaks. When the
emission rates and amplitudes. separation between peaks becomes even smaller then the nu-

For many physical problems the Tikhonov regularizationmerical method approximates a true asymmetric structure by
enables an approximation to the spectral function that agree#e broad and symmetric peak. In such uncertain situations
with a priori knowledge. However, by necessity, specific as-different numerical methods behave differently which is a
sumptions have to be made in order to obtain these spectrglear indication that the level of confidence in the calculated
which impose important limitations. Each spectrum is calcu-spectra should be low. For a single physically broadened
lated with one unique regularization parameter. This meanpeak with no other peaks nearby the broadening is revealed
that all peaks on the spectrum will have a similar curvaturgdroperly.

(the second derivatiye This is a direct consequence of the ~ These issues are central to the degree of confidence in
fact that the value of the second derivative of the spectraihe results obtained from Laplace DLTS and are discussed in
function is one of the constraints. As a result, physical prob+elation to specific systems in the following sections of this
lems, which are represented by strongly asymmetrical peakgaper. It is very difficult to generalize in relation to what can
or by two peaks where one is narrow and the other broadand cannot be measured with the technique. Certainly point
will not be analyzed properly. Figure 3 demonstrates onglefects in elemental semiconductors are ideal candidates and
aspect of this effect. The spectra shown by solid lines weréghe effect of uniaxial stress on such defects provides clear
calculated(using theconTiN method from simulated tran-  unambiguous data. In dilute alloySiGe with Ge<8% is
sients, which were generated from the spectra shown dottedeported in detail in this reviewit is possible to discern the
The amplitudes and emission rates for the centers of gravitgffects of the local environment at the first-nearest neighbor
for the two peaks for all the examples are equal, only thdevel and in ideal experimental conditions broadening due to
width of the peaks is different. In practice broadening of thesecond-nearest neighbor effects can be seen. However at sig-
emission peakgrepresenting a continuum of rajesan be nificantly higher Ge content the separate components cannot
observed in LDLTS. This can be due to the Poole-Frenkebe revealed. In compound semiconductors much less dilute
effect (enhancement of the emission rate due to an electrialloys have been studied by Laplace DLTS but the broaden-
field), inhomogeneous strain or in some cases alloying efing is system specific. In highly dislocated material or mate-
fects. rial with inhomogeneous strain the technique is not viable. In

It is evident from Fig. 2 and 3 that as long as the broad-GaN and its alloys, for example, Laplace DLTS results ob-
ening does not cause overlapping peaks, the calculated spdeined to date are ambiguous, presumably because of the
tra reflect the true broadening. When the peaks graduallprofound effect of inhomogeneities on the carrier emission
merge then the calculated spectra underestimates the brogutoperties of the defects.
ening. Eventually when the overlap becomes substantial the Another area where Laplace DLTS techniques have to be
calculated result begins to look more like one asymmetriaused with great caution is in relation to extended defects and
peak and finally reaches the applicability limit of the particularly ion implant damage. The defects near the end of
Tikhonov regularization method. At this limit the numerical the ion implant range comprising clusters are very important
software has a tendency to force the spectrum to oscillate artdchnologically. Several studies of such damage in silicon

Calculated with Contin

Amplitude (arb. units)

orce a peak to be more symmetric than in reality.
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appear in the literature and some are discussed in this papkbroadeney both lines will appear broad in the calculated

but it is very difficult to decide if the spectra represent spe-spectrum. This is a fundamental feature resulting from

cific defect clusters and much more work is needed to reTikhonov regularization.

solve this issue. In the following three sections we present some experi-
mental studies of various defect systems, which illustrate the
issues discussed above.

lIl. APPLICATION TO CHARACTERIZATION OF DEEP
C. State of the art performance CENTERS WITH SIMILAR EMISSION RATES

It must be evident from the previous discussion that thea. Separation of levels

actual performance achieved with Laplace DLTS depends on Perh h byi licati f Lapl DLTS
many factors of which one of the most important is the noise erhaps the most obvious application of Laplace

in the transient quantified as the SNR. In the preceding sedS [0 separate states with very similar emission rates. The

tion we have considered what are likely to be the fundamenP9°" rgsolutiqn of conventional DLTS has.been a recurrirjg
tal limits to resolution of the software in terms of separatingtheme in the literature and resulted in considerable confusion

exponentials with similar time constants with simulated ®V€' the “identity” of particular DLTS fingerprints. These

SNRs. In practice the performance achieved approaches thpgoblems became very evident when compilations of the

in a well-engineered system. What this means is that noise'’henius plot data were pUb“She.d In various .re\.ne(wse,
—3J). Using conventional DLTS, it is some-

sources extraneous to the transient must be made negligib'ff'eg" Refs. .28 : - -
(e.g., temperature drift, digitization noise, and bias suppl;}'mes possible to separate states with very similar emission

stability). Essentially if a sample with a trap concentration 'S, pr ovided they have _dlfferent activation energies, by
~1% of the shallow dopant concentration and a quiescen‘?OnduCtIng the DLTS experiment over a very wide range of

capacitance-10 pF is studied the SNR requiremenL000 rate windows. However, this produces no advantage if the

in the averaged transient is readily achievable. This is necedctivation energies are also very similar. Occasionally states

sary in order to resolve signals of similar magnitude with aappearing with very similar emission rates have very differ-

time constant ratio of 2. To give some idea of the effect ofent capture properties. In t_hese cases the_deep state With. the
noise it should be possible to resolve two exponentials with maI.Ie.r capture cross section can be eliminated by red.ucu)g
time constant ratio of 3 if the SNR is 100 and a ratio of 5 for "' filling-pulse width and so some measure of separation is

a SNR of 30. These can generally be regarded as limits in th@chielved. ,gnpther method W?]iCh hask b(;(_efn used ‘fNith (;onvefn—
presence of white noise, strong coloration of the noise i lonal DLTS s to examine the peak shift as a function o

usually detrimental electric field. Again, occasionally, it is possible to separate a
If transients wi.th similar emission rates but different State: which exhibits a strong Poole-Frenkel effect from one

magnitudes are studied accurate separation is more difficu‘ﬂ’hICh does not.

to achieve. For a case of SNR=1000, an emission rate ratio Unfortunately, these tricks cannot be generally applied
of 2, and a magpnitude ratio of3, significant errors in the and have only been successful in a few specific cases. Essen-

determination of the rate and magnitude of the smaller trant-!a"y there is no substitute for higher resolution. In this sec-

sient occur. For the case where the magnitude ratio 1§ tion, we examine a number of specific cases where defects

the smaller transient is invariably lost. The situation recover&"’“’e very S|m||ar.em|SS|on rates aqd_prlor .to the gpphcaﬂon
if the emission rate ratio is larger. of Laplace DLTS it has been very difficulor impossiblg to

In situations where there are a number of transients Witﬁgparate their properties. In the following section, we con-
closely spaced emission rates the results are in general unr@pler the gold gcceptor and 'the gold hydr.ogen CS’mP'eX G,4'
liable. It is difficult to quantify limits but for the case of VVe then examine levels, which are associated with dangling

SNR=1000 and component transients of similar magnitug@©nds and then a variant on the vacancy-oxygen complex or

any solution which indicated more than four componentf‘ center. .
within the range 10—1000°5must be suspect. We then move on to demonstrate how methodologies

In many semiconductor measurement techniques broarfij-sed in conventional DLTS can .be appli(_ed within Laplace
ening of the line shape is a valuable guide to underlyingd®-1> Mmeasurement to determine detailed properties of
physical phenomena. In conventional DLTS instrumentallc,lc_)se'y spacgd defects. Flrs_t, we consider the use of varying
broadening is so large that it masks all but very gross broaof-'”mg'pulus widths to _establlsh the capturg rate, then the use
ening due to the defect physics. In Laplace DLTS this is non the ITap.Iace technique to study m|nor|ty' carner.captu're
the case and line broadening is potentially important in the‘flnd emission and_ then an egample_of a spatial prof!lmg using
interpretation of the spectra. Consequently it is desirable thét""plaCe DLTS. F"_‘a”y’ in his section, we look at mhomo-_
the software be designed so that in the ideal qassingle geneous broad_enl_ng phenomena resulting from local strain
transient with no others observed with similar ratee cal-  2nd then electric-field effects.
culated broadening accurately reflects the true broadening.

However, it is important to note that if a spectrum contains al- 7€ gold acceptor and the G4 gold-hydrogen

broadened line and a narrow lige.g., donor like deep state Complex in silicon

in n-type exhibiting a pronounced Poole-Frenkel effect and A very good example of states which are distinctly dif-
an acceptorlike state in the same spectrum which is ndierent structurally but have very similar activation energies

Downloaded 29 Oct 2004 to 130.88.96.66. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 9, 1 November 2004 Dobaczewski, Peaker, and Bonde Nielsen 4697

and emission rates in silicon are the gold acceptor and a -
gold-hydrogen complex referred to as G4. There has been
much work in recent years on hydrogen reactions with im-
purities and defects in silicon. Initially work concentrated on
the electrically inactive reaction products resulting from the
passivation of shallow impuritie‘gbut it is also well known
that hydrogen is implicated in a wide range of reactions with
defects in silicon which produce electrically active speé?es.
In particular the effect of hydrogenation of gold in silicon
has been studied in some detail.
It has been reported that there are four electrically active
deep levelqreferred to as G1, G2, G3, G4esulting from
the formation of Au-H complexes of which it is believed that
G1, G2, and G4 are different charge states of the same
Au-H pair®*=® |t is generally accepted that golavithout g 7T T e S
hydrogen forms an acceptor which acts as a majority carrier 10 100 10 10 10 10
. . Emission Rate [1/s] at 260K
trap in n-type silicon. The G4 level appears to be very close

in energy to the gold acceptor and has almost identical eleg=iG. 4. Reproduced from Deixlat al. (Ref. 37 DLTS and LDLTS spectra

tron emission characteristics. Consequently it is not pOSSib|_9f hydrogenated silicon containing gold. The conventional DLTS spectrum

to characterize the G4 level using conventional DLTS be_|s shown as an inset at the top right of the figure. The broad peak centered

R . at 260 K is attributed to electron emission from the gold acceptor and G4.
cause of the limitations of resolution. However, an apparenihe main spectrum uses the Laplace technique and clearly separates the
temperature shift of the gold acceptor DLTS peak after wetold-acceptor level and the gold-hydrogen level G4.

chemical etching has been obser/ed and careful decon-

volution suggested that this peak consists of two contribugmission-rate peak is due to the gold-hydrogen complex G4
tions in hydrogenated silicon, one from isolated gold accepwhile the higher emission rate peak is due to the gold accep-
tors and the other from the G4 center. LDLTS has been usegdr.
to resolve two distinct levels in the region of the gold accep-  Repeating the LDLTS at temperatures in the range
tor G4 electron emission rate and enables the activation er245—300 K enables the Arrhenius plot shown in Fig. 6 to be
ergy and capture cross section of G4 to be deternifhed.  constructed. Samples with different carrier concentrations
Samples were prepared from phosphorus doped Czand different orientations gave results, which were indistin-
chralski silicon by gold diffusion at~-900 ° C after which  guishable within the accuracy of the measurement. From the
hydrogen was introduced by wet etching in CP4upper line in Fig. 6 an activation energy of 558 meV is ob-
(HNO4: HF : CH;COOH in the ratio5:3:3). Gold Schottky tained, and for the lower line 542 meV. The annealing mea-
diodes were fabricated to enable the LDLTS measuremengrements enable us to assign the 558 meV energy to the

G4 (Si:AuH)

rate window 50/s

conventional DLTS output

T T T T T |
200 240 280 320
TK]

gold acceptor

Spectral Density Function [arbitrary units]

to be made. gold acceptor and the 542 meV to G4. It is known that the
Figure 4 shows a comparison of the LDLTS and DLTS

spectra obtained from the same Si: Au,H sample. Both spec- - 1 G4

tra were taken with 5 V reverse bias and a 1 ms filling pulse T A

of 0 V. The 50 s* rate window DLTS spectrum shown as ;. i

the inset consists of the typical broad featureless peak inthe £ Au

region of 260 K as reported previousf® The LDLTS £ 1 Au

spectrum shown in the main part of Fig. 4 reveals that there =

are two separate and quite distinct bound to free electron %

emission rates at the measurement temperature of 260 K. E i G4

This confirms unambiguously that the conventional DLTS >

peak at the Au-acceptor position in hydrogenated silicon 2 |

consists of two contributions. a
Figure 5 shows the effect of a low temperature anneal B

(250 °C for 5 min on the LDLTS spectra measured at g - before after

296 K. It can be seen that the lower emission-rate peak di- @ | amneal anneal

minishes significantly with annealing while the higher rate 102 T ""1'(')3 '162 s '”:63 '

peak increases. There is strong evidence from previous
work**3*that the DLTS peak at around 120(keferred to as
G1) is another charge state of the same AuH complex as G4IG. 5. Reproduced from Deixleat al. (Ref. 37). Comparison of Laplace
Measurements of the G1 Laplace DLTS signal from the samépectra of the G4 and gold-acceptor level takieft) and after(right) an-

. L . nealing at 250°C for 5 min. The results of the two measurement are pre-
sample show that this peak also diminishes with the abov

e Sented on the same scale. It can be seen that the G4 peak is reduced sub-
anneal schedule. From this it is concluded that the lowektantially while the gold-acceptor peak shows a small increase.

Emission Rate [1/s] at 296K
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FIG. 6. Reproduced from Deixlet al. (Ref. 37). Arrhenius plots, obtained IoQ(eth[s )

DLTS measurements, of the thermal emission rates for the gold-hydogen ) )
level G4 and the gold-acceptor level. The different symbols on each lind /G- 7- Laplace DLTS obtained at 225 K. Lower plot, hydrogen-implanted

—10% err2): P 5
represent measurements taken in different laboratories on different samplei2Mple( 10" cm?); upper plot, helium-implanted sample-10° cm?).
Activation energies derived from the slope of the least mean square fit aré"€ Samples have been implanted at 60 K and subsequently reverse-bias

542 meV(G4) and 558 meM(gold acceptor annealed at 400 KIRef. 44.

directly measured capture cross section for electrons into thgH(—/0) ,V,H(=/0), and R/(=/0). The similarity of the elec-
gold acceptor is essentially temperature independent over thgsnic structures of these centers has been established by
range 80-300 KRefs. 38—-4pand so the 558 meV repre- glectron paramagnetic resonatE®R Bech Nielseret al*?
sents the enthalpy of the gold acceptor. Consideration of thgng Stallingaet al®® The neutral charge state of the three
scatter on the data and the possible errors in the determinaefects( VHO,V,H°, and R/°) has very similar EPR spectral
tion of sample temperature and calculation of emission ratgarameters, indicating that the wave functions of the odd
put a maximum error of £8 meV on these values. Most preégjectron are indeed very similar. The acceptor level of these
vious measurements of the enthalpy of the gold acceptor ligenters originate from the emission of an electron from the
in the range 550-560 me¥=* This provides further evi- gangling-bond orbital to the conduction band leaving the or-
dence in support of the assignment of the lower emission ratgita| singly occupied, and consequently the level energies are
to the gold-hydrogen complex G4, and the higher emissiony\sy expected to be similar. The Laplace spectra depicted in

rate to the gold acceptor. Fig. 7 as reproduced from Bonde Nielsehal** compare
) proton- and helium-implanted samples after reverse-bias an-
2. Dangling-bond levels nealing at 400 K to remove the phosphor-vacancy E center.

A particular class of deep levels can be associated with\s can be seen two prominent vacancy-hydrogen related lev-
defects that possess an unsatisfied bond in the bulk semicoels are revealed together with thg(—/0) level. The assign-
ductor. Generally speaking such dangling bonds will generment of these levels agH(—/0) andV,H(-/0) are based on
ate defects in the band gap that, depending on the “squeez#ie comparison of annealing properties with the EPR data of
of the dangling bond, may form classes with rather similarRefs. 42 and 43. It should be noted that Ande‘%%wcently
energy levels. Hence, the level position is predominantly éas shown that the Laplace DLTS signal ascribedtid—/0)
property of the dangling bond and has only a weak depenis generated with large intensity when electron-irradiated
dence on the detailed structure of a specific defect. The orisilicon is subjected to hydrogen-plasma treatments. This
gin of dangling bond levels can be traced back to the formaeould indicate that the signal should perhaps be interpreted
tion and decoration of lattice vacancies in the semiconductoas V,H(-/0) formed in direct capture of hydrogen at the
crystal. For example, when Si is subjected to ionimplantatiordouble vacancyV,. However, this ambiguity cannot be
a rather dense concentration of vacancy clusters will be gersettled easily as it would require further quantification of the
erated with the consequence that several close lyingnechanisms of the injection of hydrogen in plasma treat-
acceptor-type dangling-bond levels appear rather deep in theents. The similarity of th&,H(—/0) andVH(-/0) levels is
upper half of the band gap. Even with the Laplace methodkasily rationalized. The divacances(—/0) level may be
these multilevel structures are hardly resolvaisiee discus- qualitatively understood as originating from two weakly in-
sion in Sec. I), and consequently the average over levelteracting elongated dangling bonds MsH® hydrogen termi-
energies may equally welbr bettej be obtained with con- nates one of these bonds leaving the other practically undis-
ventional DLTS. However, when only two or possibly three turbed. The presence of thg(—/0) level in the same energy
dominant close levels are present the application of Laplaceange supports this qualitative picture. WH° hydrogen
DLTS offers the advantage that reliable individual level po-breaks the unsaturated bond structure of the monovacancy
sitions and defect abundances can be obtained. generating a structure consisting of one dangling bond, a Si

We illustrate this by comparison of Laplace data ob--Si bridge, and a hydrogen terminated bond. The annealing
tained for the similar dangling-bond acceptor levelsremoved the strongly interferingMP—/0) signal. The simi-
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10 100 1000 FIG. 9. Arrhenius plots of thé¢C-H),, (C-H),;, VO', andVO defects mea-

sured at exactly the same experimental conditions. The plots demonstrate
differences between the emission characteristics of the catbguar¢ and

FIG. 8. The Laplace DLTS spectra taken in the differential mode for the@Xygen-related defectsriangles in the stablgfull symbolg and metastable
silicon sample irradiated with electron at low temperature and measured (0Pen symbolsconfigurations.
situ. The spectra show that the metastable configuration off@eomplex
(VO") is observed only close to the sample surfésalid line) due to the
fact that at this region the annealing process of the defect occurs in théilling pulses of different voltages have been applied with the
conditions of a low position of the Fermi level. difference between the transients following each of the
pulses used for analysis. Both spectra have been obtained

larity of this with VH(-/0) shows that the Si-H fragment of with the same value of the reverse bias. The voltages of the
VH® may be regarded as a “pseudo Group-V impurity” as faffilling pulses were chosen so that the spectrum depicted by
as giving rise to a very similar dangling-bond level whenthe solid line originates from the region annealed with low
binding to a lattice vacancy. Fermi level while the dashed line represents the spectrum
measured for the defects annealed with high Fermi level. As
a result of this procedurd/O” closer to the sample surface

A typical procedure to create the vacancy-oxygen comhas not been completely convertedi® whereas/O" out-
plex (the A centey in n-type silicon is to irradiate the crystal side of the space charge regi@ashed lingconverted com-
with electrons at room temperature. The appropriate dose gfletely to VO. Hence, because of this particular annealing
electrons creates vacancies in the material which at this teniistory, the signal o¥/O" configuration originates from close
perature are very mobile and thus can be trapped by interstio the sample surface.
tial oxygen atoms. Obviously, when the irradiations are un-  The assignment ofO" to some alternative configuration
dertaken at low temperatures where vacancies are immobilef the VO pair is not straightforward due to the fact that this
the VO complexes are formed only in very small concentra-particular crystal contains a high concentration of carbon.
tions. We have examined the creation process of Mfile  Moreover, the described conversion has a close resemblance
complex by irradiating diodes at low temperatyeground to the(C-H), to (C-H), conversion phenomenon investigated
60 K) and subsequently monitoring the growth of th®  in Ref. 47 both in terms of annealing behavior and emission
center by Laplace DLTS in a sequence of isochronal anneatates. It is possible that the electron irradiation releases some
ing steps’® We find that prior toVO creation some other of the hydrogen hidden in the crystal in the form of mol-
metastable form ofVO (labeled here a3/Q") is present ecules or attached to other defects/dopands. The released hy-
which converts one-to-one to the stable form\@. This drogen atoms could subsequently be trapped by carbon.
transformation process depends on the position of the Ferntlowever, this possibility has been ruled out by a careful
level. For the bias-off annealinghe Fermi level is close to analysis of the annealing procedure, and further conclusive
the conduction bancthis occurs at around 130 K while for arguments for the existence ¥O" have been obtained from
annealing with bias-on the transformation is observed athe Arrhenius analysis of the emission characteristics de-
250 K. picted in Fig. 9. For this analysis, two samples placed in the

Figure 8 shows LDLTS spectra of a carbon-doped n-typecryostat at the end of the accelerator line have been irradiated
sample of silicon irradiated with electrons at low temperatureat low temperature. One sample was irradiated with electrons
and subsequently annealed at 200 K for 10 min with an apand one was implanted with hydrogen as in Ref. 47. In the
plied bias of =3 V. Annealing with a moderate reverse biashydrogen implanted sample ti€-H), and E3 (the isolated
results in two families of annealed defects. Those that werbond-centered hydroggrsignals are present as implanted
within and those that were outside the space charge regicand both signals converts after annealing to (@eH),, sig-
during annealing corresponding to low and high Fermi levelnal. The figure compares the Arrhenius plots (6f-H),/
positions, respectively. The spectra depicted in Fig. 8 havéC-H), with those ofVO"/VO observed in the electron irra-
been measured in the differential mode of DLTS, i.e., twodiated samples. It has to be stressed that both samples have

Emission rate (s

3. The vacancy-oxygen center
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been studied under exactly the same experimental conditions V(1) T =123K
and hence the analysis presented in Fig. 9 enables the con- 006 * meas
clusion that neither of the defects revealed by in the spectra
of Fig. 8 involve carbon and/or hydrogen.

This conclusion underlines the potential for the realiza-
tion of accurate Arrhenius analyses with the Laplace DLTS
system. Although the emission characteristics for the meta-
stable and stable oxygen and carbon-related complexes are
similar, the Arrhenius plots could be clearly separated. This
is because of the way the Arrhenius analysis with the Laplace
technique is realized. In LDLTS the emission time constants
are measured isothermally at a very stable and precisely
known temperature. This is unlike conventional DLTS where
the temperature gradients on the sample holder during theG. 10. Reproduced from Markevicét al. (Ref. 48. Development of

temperature ramping procedugeecessary during the mea- Laplace DLTS spectra measured at 123 K for an electron-irradiated Cz-Si

suremenjtcan be as Iarge as several kelvin. A gOOd Cryostafample with an initial resistivity of %2 cm upon 30 min isochronal anneal-
’ ing with temperature increments of 25°C. The spectra were measured after

can stabilize the temperature with an accuracy much bettgfneals at1) 150, (2) 200, (3) 225, (4) 250, and(5) 275°C. Measurement
than 0.1 K. As a result, in LDLTS each capacitance transiensetting were bias —5--0.2 V and pulse duration 1 ms.

can be acquired in meaningful 1 K steps or less if necessary.
For a defect with an activation energy around 200 meV andeparated, but with the disadvantage that the reduced sensi-
the emission measured around 100 K an increase of thgity of Laplace in terms of concentration means that a
sample temperature by 1 K speeds up the emission approxémaller dynamic range of occupancy can be covered. A very
mately by 30%. Thus using 1 K steps one obtains around 3good example of the use of Laplace to study capture has
points on the Arrhenius curve to cover a three decade ranggeen presented recently by Markeviehal*® In this work,
of emission rates. For a good signal-to-noise ratio the errop-type silicon was studied which had been irradiated with
of the emission rate calculation is typlcally better than 5% MeV electrons. During a |0W_temperature anneal
thus even smaller temperature steps are justified. (225-350°Q it was observed that the divacancy disap-

In Flg 9 the data points for the individual defects follow peared, but this was correlated with the appearance of two
straight lines almost exactly which makes the parameters olygther traps which were believed to be charge stateg,6f.
tained from the linear regression procedure very accuratésigure 10 shows the Laplace spectra of the double acceptor
The values of activation energies given in this figure havestate of these two defects measured at 123 K after various
errors less than 1 meV. One may argue that for this type ohnneal times. Using conventional DLTS, these two defects
absolute eXperimental accuracy it is necessary to eliminat@annot be Separated. However, by the app”cation of the re-
all possible sources of erro(e.g., the sensor anchoring and duced filling-pulse technique during the Laplace measure-
calibration thus the derived activation energies may havement, the capture cross section of the defects can be deter-
additional systematic errors. However, the comparative studmined independently. The measured cross sections are shown
ies presented demonstrate that the isothermal transient acqyi- Fig. 11 as a function of temperature. The electron capture
sition in combination with the Laplace analysis can be a veryross section of the acceptor state of the divacancy follows
efficient tool for defect identification. the relationship 5.% 10 *%exp(-0.017 eV/kT, while the

cross section of the acceptor state of Y¥h© defect follows
the relationship 4.% 107 1%exp(-0.01 eV/kT.

V,0(-I-)
/ 1
/

0.04

0.02

LDLTS signal, arb. unit

000 Lm0+ v v
10" 10° 10°
Emission Rate, s™

B. Separation of capture rates

Direct measurement of the capture process provides -15.7
valuable information regarding the nature of the defect, es- | V,0(--1-)
sentially because the dominant factor in the capture rate is
the Coulombic term, so that attractively charged defects have -15.8|
large capture cross sections and repulsively charged defects =
have small capture cross sections. In conventional DLTS, the
capture cross section of a majority trap is measured by re- 159
ducing the width of the filling pulse and observing the
change of amplitude of the DLTS peak. The details of ma-
jority carrier capture measurement and application to minor- 60 e
ity cross sections are discussed elsewlerg., in Ref. 4. 80 85 90 95
By plotting the log of the proportion of traps unfilled against 1/kT, eV
the filling-pulse length the majority carrier cross section can
be determined from the slope of the line and the value of th&!G. 11. Reproduced from Markeviat al. (Ref. 48. Temperature depen-

free carrier concentration of the semiconductor. An identica encies of electron capture cross sections for the double acceptor levels of
. he V, andV,0 in silicon. Solid lines are calculated ones on the basis of the

approach can be taken in Laplace DLTS_ Wilth the advantaggqations, = o-.exp-E,/kT) with parameters determined from least-square
that traps with very closely spaced emission rates can bfis of experimental data.

log o

T T
/
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FIG. 12. Adapted from Gad and Evans-Feertlaaf. 52. Laplace minority FIG. 13. Reproduced from Gad and Evans-Feeffef. 5. The LMCTS
carrier transient spectra of hole emission from two point defects measured ispectra of thermally assisted hole tunneling from strained
n-type strained Si/ QigsdG6y 145 Si quantum wells between 30.5 and 38.5 K. Si/Siy g5£G&, 145/ Si quantum wells between 100 and 112.3 K.

Arrhenius plots of the two states are shown in the inset.

ing behavior during the capture phase and consequently can
C. Minority carrier capture and emission be attributed to point defects, although the physical nature is
unknown.

. . . 1 . The composition and dimensions of these strained
described in detail by Saét al.” The methodology is very Si/SiGe/Si quantum wells would result in a valence-band

similar to majority carrier measurements with the exceptionoﬁset of 117 meV with the deepest confined hole state at
that_the occupancy _is_ perturbed by the cgpture of minorityabout 110 meV. In consequence, it would be expected that in
carriers. In Lang’s original paper on DLTShis was done by this n-type material some of the holes emanating from the
forward biasing a p-n junction, but it can be done much morg,tic| excitation would be trapped in the wells. Figure 13
controllably in indirect band-gap semiconductors by using &pq\s a minority carrier Laplace DLTS measurement of hole
filling pulse of above band-gap light shone into the semiconymission from the quantum well. It can be seen that the
ductor either through the back face or through a transparemission rate is only slightly temperature dependent, a fea-
Schottky barrief” If the light has a photon energy near the tyre which is attributed to the tunneling compon&nBuch
band gap of the semiconductor being studieence the ex- gata are very difficult to extract from conventional DLTS

tinction depth is longand the diffusion length is long, the pecause of the proximity in emission of other defects in typi-
carrier flux through the depletion region will consist almostcal SiGe structures.

entirely of minority carriers and so the analysis of the results
becomes relatively simple and is known as minority carrier
transient spectroscopf{MCTS).50 These techniques have D. Spatial separation of defect centers
been used in Laplace DLTS to study minority carrier capture
by gold and gold-hydrogen defecs>? and also shallow

Techniques to study minority carrier capture were first

Electrical measurement techniques based on depletion
. . . ) - measurement such as CV and DLTS enable properties to be
eI_ect_ron tr_aps N p-type S|G§ and trapping in SI!'Conmeasured as a function of depth simply by changing the
Si/SiGe/Si quantum wel¥ In this work the Iayer.s studied voltage range in which the measurement is done. In DLTS
were grown by gas source molecular-beam epitt¥BE)  hare are numerous possibilities for doing this. It is possible
and consisted of ten strainecy §isGey 145/ Si quantum wells 4 change the reverse bias with a fixed filling-pulse voltage,
grown on a Si substrate, with a Si buffer 100 nm thick. They, fix the reverse bias and change the filling pulse, or to
well thickness was 5.7 nm, and the barrier thickness Wagnange both simultaneously. A very effective methodology is
55 nm. The layer was n-type phosphorus doped at ihe double DLTS technique, which is essentially a differen-
X 10 cm . Above band-gap light with an extinction depth tja| technique using different filling-pulse magnitudes.
greater than the depletion region width was used to create Analog of all these methods can be used with Laplace
electron-hole pairs by illumination through a semitransparenp TS and indeed we have already cited an example of the
Schottky diode. Because majority carriers are repelled fromyse of the double LDLTS technique in Sec. Il A 3. However
the depletion region predominantly minority carriers arethe correct interpretation of deep-level profiles is fraught
available for capture in the depletion region. Figure 12with difficulties due to the role of the Debye tail in the cap-
shows the Laplace signal derived from hole emission assocture and emission kinetics and in some cases due to the effect
ated with two closely spaced shallow traps in n-type SiGeof the changing electric field. These issues are discussed in
with the Arrhenius derived from the LMCTS data inset. detail elsewhere, but are equally applicable to Laplace mea-
These two defects exhibited almost perfect exponential fillsurements of deep state profiles as to conventional DLTS.
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04— bias pulsespanning the region 0.82—14m from the sur-
T szg &::;8 ] face) and for the interstitial-rich regiofdashed ling—2.8 V
RE™ TFT fill and -5 V reverse biaél.28—1.68um). These depths are

03} ] based on the depletion approximation.

Although it is not as yet possible to interpret these spec-
] tra in terms of defect species, the difference between the two
regions is clearly evident and can be seen to evolve on fur-
ther annealing.

02} 4

. E. Inhomogeneous and homogeneous broadening
phenomena

01} y
]
1
|

1

" !

M Al
K [ [ . . .
°-°1 ke T The local strain in the crystal can modify the electronic
10 100 ) 1000 levels of a defect in the same way as the effect of the exter-
Emission rate (s) nal stress discussed in the following section. Basically, this
train can be invok ny macr ic inhomogeneity of
FIG. 14. Reproduced from Abdelgader and Evans-Freeifitaf. 55. Sh an ca lbe ho edl by a g f ac OISSCOpC 0 Odged ey o |
LDLTS spectra measured at 225 K, reproduced from the vacancy-rich ret- e crystal suc as_ arge e ect _C USterS’ extende ; crysta
gion and the interstitial-rich regions after annealing a self-implanted Sidamage caused by implantation, dislocations, etc. This effect
sample at 180 °C for 20 min. The solid line shows the emissions rategnay cause the electronic level of the defect to broaden which

present in the capacitance transient due to trap capture and the therrr@ virtually impossible to analyze. Sometimes in the literature
emission in the vacancy-rich region. The dashed line shows the emission ’

rates present in the capacitance transient due to trap capture and therrr%*'amitat.ive statements referring to the inhomogeneous
emission in the interstitial-rich region. broadening of the level can be found. The Laplace DLTS

method usually fails to give conclusive results in cases where

. the broadening is substantial. The numerical methods used
In recent years, perhaps one of the most important aregg, the spectra calculations do not give stable and reproduc-

to which deep-level profiling has been applied has been thaf|e sojutions when applied to broadened spectra, which is
of ion implantation damage. When an impurity is introducedie fyndamental condition for reliability of the measurement.
into a semiconductor using ion implantation, vacancy intef\any such cases have been observed, in particular when the
stitial pairs are created along the ion track. Most of theseamples have been subjected to heavy implantation damage.
intrinsic defects recombine or are annihilated at the surface  pgjnt defects studied in the epitaxial layers can be sub-
and interfaces; some form pairs or clusters and some reagicted to almost homogeneous strain originating from the
with impurities to form stable defects. In the case of silicon|attice mismatch between the layer and the substrate. In the
implanted at room temperature, the region between the semépitaxial layer the lattice mismatch causes a two-dimensional
conductor surface and the concentration peak of the impjanar strain parallel to the interface. This strain is equivalent
planted species tends to be vacancy rich, whereas the regigy hydrostatic pressure applied to the layer combined with
beyond the peak tends to be interstitial rich. During high-yniaxial stress of the opposite sign and perpendicular to the
temperature annealing, these populations equilibrate with thigterface> If the lattice constant of the layer is larger than
excess of interstitials escaping to the surface or accumulatingiat of the substrate then for the layer the hydrostatic com-
near the end of the ion range to form extrinsic stackingponent of the strain is compressive and the uniaxial compo-
faults>® The detailed kinetics of this process are critically nent is tensile.
important because during equilibration the diffusing intersti- Figure 15 shows the spectra obtained for the gold accep-
tials can react with substitutional species with importantior Au(—/0) state in two different SiG&2% of Ge samples
technological consequences. The best known is probably thgrown by MBE on a silicon substraisee Ref. 57 for the
enhancement of boron diffusion, due to the release of intergrowth detaily. For one of the samples the misfit strain has
stitials during annealing’ been partially released by growing a thick buffer with graded
Unfortunately, many defect species are involved in theseilloy composition. The other one has been grown without
reactions and it has proved extremely difficult to track thesuch a buffer, however, the layer thickness is below the criti-
behavior experimentally by any technique, including conven<cal thickness for this alloy composition, i.e., the strain has
tional DLTS. Laplace DLTS offers some advantage in thisnot been released by misfit dislocations. The samples have
regard because of its ability to separate different species. been mounted and measured together in the same cryostat to
Figure 14 shows some results that have been obtained iminimize the temperature err8rand for both recorded spec-
studying self-implanted silicon with Laplace DLTSIn this  tra the pattern of peaks is the same and can be attributed to
diagram, the electron emission from defects is shown aftethe effects of alloyingsee Sec. V for further detajls® All
annealing 2 cm silicon implanted with a low dose peaks of the strained sample are shifted towards higher emis-
(10%ions cni?) of 800 keV silicon after annealing at 180 °C sion rates and this cannot be explained by a temperature error
for 20 min. The peak of the implanted silicon is Jufn from  which would have to be of the order of 9 K and this is
the surface and the measurement conditions for the vacancimpossible with the experimental setup. Samara and BHtnes
rich spectrum(solid line) were —1 V fill and -2 V reverse using conventional DLTS have demonstrated that the appli-

1. Local strain
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FIG. 15. Two spectra demonstrating the alloy splitting effect for the FIG. 16. The Laplace DLTS spectra of the-C, pair observed in the FZ
Au(-/0) acceptor state in SiGR% of Gg for the relaxedsolid ling) and  silicon (solid line), FZ SiGe (0.8% of G (dashed ling and the MBE-
strained(dashed ling MBE-grown layer(Ref. 58. grown strained SiGe0.5% of G¢ (dotted-dashed linesamplegRef. 62.

cation of hydrostatic pressure reduces the activation energy-type carbon-rich samples irradiated with 2 MeV electrons
for the thermal emission process for the (ALO) level in gt 60 K. After irradiation the samples were annealed for
silicon with the pressure coefficient of 26 meV/GPa with the10 min at 300 K. It is known that this procedure leads to

pressure having practically no influence on the capture proformation of the carborfinterstitia)-carbon (substitutional
cess. Analogously, in the present case if the peak shift i C,-C) pair in silicon®®* A similar pair formation has also

caused by the planar strain then assuming negligible inﬂubeen observed for SiGe aIIo?/%The(C--CS) defect has two
ence on the capture cross section the observed shift corr?- \

sponds to a reduction of the activation energy for emission o ffferent configurations and the spectra presentedAin the fig-
20 meV. According to the elasticity theory for cubic defectsggechgsezzzgdf;? ::sszt?rﬁ);gjrnef:gzﬁgovc;; tgesﬁimoi float-
in diamond-structure cryst&fsonly 2/3 of the strain is used pFZ i dasi ' 7 )
for the volume compressibility. Consequently, combining re_zone( ) grown silicon and a slice cut from a Ingot o

sults it is easy to show that the measured peak shift correSiG‘j(o'S% G, the third sample was a SiGe strained layer
sponds to the linear stress of 0.58 GPa, which using the 1in0-5% of Gg grown by MBE on a silicon substrate. In each

ear compressibility of silicor{3.4x 1072 GPal), translates Of the alloy spectra there is one main peak and some subsid-
to the linear strain of 1.8 10°3. iary peaks. For the two bulk crystal samples the main peaks
In comparison, Vegard's law predicts using the latticeare shifted slightly relative to each other with clear broaden-
parameters of silicon and germanium that for a 2% SiGeng observed for the SiGe alloy. The shift is due to the band-
alloy the lattice constant should be larger than for the pur@ap modification by alloying. The MBE SiGe sample con-
silicon by a factor of 8.5 10°“. The epitaxial growth of a tains less germanium than the SiGe FZ crystal. However the
strained 2% SiGe alloy layer on a silicon substrate impliesnain peak does not appear between the main peaks of the
that the lattice of the layer is subjected to this strain. Thepulk samples. It is shifted towards higher emission rates.
estimation of the strain from the shift of the Aw/0) level is  Note that both SiGe samples were measured in the cryostat
larger than that derived from Vegard's law by a factor of 2.gjge py side to avoid any possible temperature differences so

This apparent discrepancy may be explained by the prefefpe gpift is real. We infer that strain in the MBE SiGe sample
o e o o e e manaaaon T th eason f e manpe s
amc))/unts 0 abOl:lt a factor of 2 for diffusion at 88 OE C. which Unfortunately, for this case a quantitative strain analysis
means that locally around gold the germanium coyntent isiS not possible. First, data of the-Cs level hydrostatic pres-
twice the alloy av)érage AIthgough ong cannot conclude unSYre dependence is not available. Second, this defect in the
ambiguously that this alloy fluctuation converts directly to StaPle configuration has monoclinic symméfryvvmch .
locally increased strain, it seems justified to conjecture thafn€ans that the hydrostatic compressive strain combined with
the gold atoms sitting in more germanium-rich regions mayhe ten_S|Ie _unlax_lal strain perpendlcula_r to the interfetbe
experience a larger average strain than that predicted frofd00 direction will not only shift the main peak of the MBE
Vegard’s law. sample but will cause splitting as well. The fact that much
Figure 16 shows a different example of the effect oflarger secondary peaks are observed for the MBE sample
strain on the thermal emission procé8ghe figure shows than for the FZ sample could possibly result since peak split-

the Laplace DLTS spectra obtained for three Si and SiGeing overlaid the alloying effect.
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2. Electric-field effects

GaAs:Si T=190K, V,=-2V V,=V,-0.2V

The charge state of a defect cannot be determined di-
rectly by the DLTS technique although it can sometimes be
inferred from the magnitude of the capture cross section. For
defects in the space charge region the emission process of
electrons or holes occurs in the presence of the electric field.
The field may enhance the emission process and the presence
and strength of this enhancement may depend on the defect
charge state. A number of theoretical models has been devel-
oped to help the quantitative analysis of this effect, if
presenﬁe‘”m practice, the thermal emission enhancement
process is discussed within two different types of models
depending, basically, on the value of the electric field. In the

Laplace DLTS amplitude (arb. units)

low- (around 18 V/cm) and medium-electric-field regimes V.= -1.2V

the effect is discussed in terms of the three-dimensféfial AL A L

and one-dimensional Poole-Frenkel mofét® respectively. 1 10 100 1000 10000

For very strong electric fielddarger than 1BV/cm) it was Emission rate (s™')

found that a direct or phonon-assist&t?"* tunneling pro-

cess can dominate. FIG. 17. A series of the Laplace DLTS spectra taken at different electric

In th h . i ideal Schottk fields (in the differential modg for the a-particle irradiated sample of
n the Space charge region of an ideal Schotikypor GaAs:Si. The electric fieldit is the lowest for the bottom spectryrm-

junction the electric field is not homogeneous and changegeases the emission rate for the£defect, while for the &3 defect the
linearly from a maximum value at the junction to zero at theeffect is very weakRef. 73.
space charge edge. Thus defects investigated by the DLTS

technique experience different electric fields depending on

their position in the space charge region. When the emissioﬁanztr\"’/‘iterd '? ;;f.:gtfc(;r ?thfr cgse.:,vaz vi\;eltlh&mllr?lr uner?lu?l
process is field dependent then the rate constant is not phavior o erent detects observe € same sample

has been demonstrated also with the use of conventional

unique feature and even conventional DLTS peaks may show . X
brogdening P y DLTS for cases(E3 and EL2 in GaAswhere the signals

. 7
The common way to minimize this broadening is to ob- could be easily resolved. L —
serve the emission process only from a narrow region of the The problem of the space charge electric-field gradient is

space charge region. In this case two filling pulses of differ/€Ss severe when the investigated defects are localized in a

ent voltages are applied and the signals following each off&"owW strip parallel to the junction. This is typicall for de-
them are subtracte@ee, e.g., Ref. 72 for an example of this f€cts formed when the atoms of small mass are implanted
approach If the difference between the pulse heights igdirectly into a diode structure. The |mpl_ants pen_etrate the
small the observed defects are in a fairly constant electri€fystal to a depth that depends on the implantation energy
field. In many cases this so-called differential or double@nd are concentrated in the straggling region at a well-
DLTS method enables a quantitative analysis of the influenc@€fined distance from the sample surface. This procedure has
of the electric field on the emission process. been used to study defect related to the low-temperature low-
Figure 17 shows results obtained with the differential€Nergy implantation of hydrogen into Schottky diodes depos-
method when applied in combination with Laplace DLFS. ited on germanium crystalé.In this case the straggling is
The samples were GaAs:Si n-type crystals irradiated witf@bout 0.25um with the consequence that hydrogen related
alpha particles. Two main irradiation-related defects assigne€élefects generated in the space region experience almost the
as Ex3 and x4 are observed in the samples. The3cen-  same electric field. As a result, the inhomogeneous broaden-
ter exhibit metastability as shown previously by conventionaling associated with an electric-field enhancement of emission
DLTS.” It has also been found that the electric-field affectsrates will be minimal.
the emission process of the two centers differefitishe Figure 18 shows shifts of the LDLTS peak originating
LDLTS data clearly confirm this very directly. from bond-center hydrogen in germaniuniB€) for spectra
The differential mode does not assure that the electridéaken with increasing reverse bias. The inset shows the
field is perfectly homogeneous in the space from where the€apacitance-voltage profile for the sample where the depth
LDLTS signals originate, and presumably for this reason thescale(x axis) is replaced by the bias voltage. The dashed line
main peaks in the spectra of Fig. 17 are still broadened. Theepresents the profile before the implantation and the solid
markers show the positions on the emission-rate scale of thiie depicts the situation immediately after implantation. The
main peaks’ centers of gravity. Clearly, when the spectra arénduced defects partially compensate the shallow donors,
taken with the defects at a high electric figldrge filling- ~ which results in the appearance of a dip in the carrier profile.
pulse voltagg the Ex4 emission peak shifts towards higher In the case shown the dip is located at a distance oju218
emission rates, whereas the & peak does not shift. These from the crystal surface(the implantation energy was
different responses to the electric field clearly demonstrat®80 keV) and the apparent width is around Quh. This
that the observed shift is a genuine effect related to the defeclistance corresponds to a sample bias of —2.5 V. When the
structure and, hence, not sample dependent as has been dditling voltage is kept at to -2 V and the reverse bias is
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distance (um) a deep-level defect must rely on the correlation of formation
38 36 33 29 23 and annealing properties of the defect with data obtained
with other spectroscopic techniques such as electron para-
magnetic resonancéEPR and infrared absorption(IR).
Both these structure-sensitive techniques have been com-
bined with uniaxial stress to elucidate structural properties in
further detail. Good examples are the study of reorientation
kinetics after stress alignment in EPR and the distinction
between alternative defect configurations by local-mode IR
spectroscopy under stress. The total number of defects

-1

'(IEE:SF!}(IEC) needed(and allowed in DLTS is for a typical case several
V_= Y orders of magnitude less than the corresponding number
! needed in EPR and IR. With such large span in defect density
Vi=-9v it may often be ambiguous or even impossible to establish

-9 -7 -IS ' -3
Bias voltage (V)

Laplace DLTS amplitude (arb. units)

the geometric and electronic structure of a particular deep-

V= -V level defect by just relying on comparison of annealing data.
V,= -3V Ve= -5V In this perspective it would obviously be of great advantage
T AL to make DLTS provide structural information in its own
100 1000 right. Recording the thermal emission while uniaxial stress is
Emission rate (s ) applied along specific crystal directions can accomplish this

FIG. 18. A shift of the Lanlace DLTS peak attributed 1o the bond.cent dbecause the imposed external force on the crystal causes the
. . SnItt O e Laplace peak attributea to the bonad-centere P P
hydrogen in germanium. The spectra were taken at different reverse biase%.mlssmn .tO Spllt Into co.mponer?ts and th_ereby_ exposes the
The inset show the CV profiling of the sample shallow donors beforelatent anisotropy associated with the orientational degen-
(dashed lingand immediately aftesolid line) the hydrogen implantation of ~ eracy of the defect.
the sample with the energy of 580 keV. The dip in the profile indicates that This possibility of obtaining the Iocal-symmetry infor-
hydrogen atoms are localized in a narrow region of the space charge region. .. S . . .
(Ref. 78. mation by the combination with uniaxial stress was realized
to some extent in the early years of deep-level transient spec-
. troscopy. However, only a few studies that actually revealed
If?(;:rrﬁé[?\id'gr?cnt]io: e;tg e?ie\ilézetr;wslIsg(;:zcgiclfecsstﬁ]d Z :Iaectri structural information have been carried out with the appli-
field. The Jde icted ergission rate increase is charagteristic Q tion of conventional DLTS. Areason for this may be found
: P . in the rather limited emission-rate resolution. The key issue
the Poole-Frenkel effect for a singly charged deep donor. . . S o
; is to achieve separation of the individual emission-rate com-
Note that the overall shift of the (BC) peak corresponds to

. e . . ponents and with limited resolution the separation can be
an increase of emission rate by only a factor of 3, which i : . . . .
e . : . achieved only in favorable cases. With the implementation of
well within the width at half maximum of a conventional

Laplace DLTS this resolution restriction has been lifted to a

DLTS peak. . : .
. . . . certain degree and the number of cases accessible for studies
The introduction of defects at a well-defined spatial po-. : .
increased correspondingly. In Sec. IV D we shall discuss a

sition in the space charge region, which translates to a spe- ) LI -
o o . Y . Selection of such studies in some detail in order to demon-
cific electric field, can in principle be used for tracking the

diffusion of defects. The Laplace DLTS peaks shown in l:ig_strate the potential for combination of DLTS with uniaxial

18 are rather narrow demonstrating that the initial spatiaFtress but also to expound limitations and pitfalls. However,

spread is small, and the electric field therefore is almost con—IrSt we shall review in Sec. IV C some relateghrliey stress

e . . . work where the limited resolution was not a major concern.
stant. A subsequent diffusion process will result in an In_T ese works include DLTS measurements undér hydrostatic
creased spread and, in consequence, broadening of the emlg : o y

ressure and include also uniaxial-stress measurements de-

sion peak. This application of Laplace DLTS is demonstrated.
and giscussed inpgetail in Ref. $9 for the case 6BE) in signed to study the effect of stress on band edges and there-

silicon. f_ore relying on test cases Wi_th negligible splitt_ing. _To esta_lb-
lish a framework for discussions we shall begin with a brief
outline in Sec. IV B of the basic principles for interpretation

IV. APPLICATIONS OF LAPLACE DLTS WITH of DLTS stress data.

UNIAXIAL STRESS

A. Introduction

The current standing of deep-level transient spectros-
copy as one of the major tools for studies of electricallyB. Interpretation of stress data
active defects in semiconductor materials has been attained General formulas
not least because of the high sensitivity of the technique. As
discussed previously the major deficiencies are the lack of Rigorously, the position of an electronic band-gap level
structural information and limited spectral resolution. As arelative to either the conduction-band edge) or the
consequence structural and compositional characterization eflence-band edg@) is defined as the energy difference
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AE., =E(F,Qp) + E(e;,) —E(1,Q)), (8)  sponse of the individual defect charge states is usually pro-
) hibited. This is true even when possible stress dependencies
where E(F_’QF_) and E(! '_Q_') are the total energ|es_of the of the preexponential factors of E¢Q) can be neglected.
defect in its final and initial charge states, respectively, €X\What can usually be determined rather directly by the appli-
pressed in terms of the generalized equilibrium lattice COOrt 440 of uniaxial stress is the structural symmetry i.e., the

dinatesQr andQ,, and wheret(e;,,) is the energy of either iy symmetry associated with the different possible spatial

an electron at the bottom of the conduction band ora hole Jérientations of an individual anisotropic defect center. With-
the top of the valence band. In DLTS the determination of

AE. or AE. f cular level reli ing th out stress the anisotropy remains latent because of the orien-
f tch0f i’ ora partleu ar e])’e ret;]es Ion measuring the rate o n 5| degeneracy, ensured by the overall random distribu-
oftherma carr|er4lem|ss,|on rom the evg, Or €, IeSPEC- +ion of the center throughout the host crystal. The stress
tively. Lang et al.”> showed on the basis of work of van

exposes the latent asymmetry by lifting the orientational de-
Vechten and Thurmofland Engstrom and ARt that the P y y by 1ting entat

f f th -k detailed bal i eneracy shown as a splitting of the thermal emission into a
pi:t)rpedr or(rjnsino S € V\Ile ) nrcr)1vt\)lir;1ine atlhe rma}ancet erquarl]%n haracteristic pattern from which the point group symmetry
(emigsigﬁeare ec. Thco g thermal capture and ¢ e particular defect may be derived. It is to be understood

that unless the point symmetry of the initial and final state is
€np = OnpUnpNe,XP— AG, ,/KgT). 9) identical it is the initial-state symmetry that is determined
. . (see further discussions in Sec. IV B Zhis is in contrast to
In this equationoy, , (v, ,), and N, are capture cross

. " . . stress splitting of optical transitions where the splitting of
sections, mean thermal velocities, and the effective densit; P 9 P P g

Hoth initial and final states may be revealed. The only re-
states for the pertinent carriers and bands. The t&@g, y i y

— . o irement for ful rmination of the initial-
occurring in the Boltzmann factor is the change in Gibbs freequ ement for successul dete ation of the Initia-state

: . L ) symmetry is sufficient emission-rate resolution and the pos-
energy associated with the emission and is related to they y P

level energyAE, , of Eg.(8) by the standard thermodynamic Sibility O.f choosing the measurement temperature so.that

. R & . thermal jumps between different orientational configurations
relation AG=AE+pAV-TAS=AH-TAS It is AH, the ) . .

. . of the defect do not occur when stress is applied. In this case

change in enthalpy, that can be determined from an Arrhen; o ) )

the number of emission-rate components, with tl{eatu-

ius plot and a rigorous determination of an energy level o o : L
. rated relative intensities in accordance with purely statistical
therefore requires knowledge of the volume change of the

defect as a result of the emission. In practice the distinctior‘?o.pUIatIon of the |nd|V|QUeI orlentatlo_ns of the defect,
betweenAH andAE is seldom made because thaV term uniquely determines the initial-state point symmetry. Even
is extremely small except for very high pressufes.0 meV when the intensities of the stress split components do not
at 1 GPa NeverthelesaV contains important structural in- appear with proper statistical weights this does not necessar-

formation and may be derived from stress measurements. lly impede the determination of the symm_etry. Thi§ ie be-
Equations(8) and (9) show that only the energy level cause the departure from random population only indicates

and possibly the capture cross section may be obtained fromat some preferential alignment occurs at the measurement

a standard DLTS measurement subject to the limitations didemperature at a rate slow compared to the rate of carrier

cussed in Sec. | A. No information with regard to the Sym_emission. However, care must .be exercised o maI.<e sure that
metry of the wave function is imparted. This limitation of ho component is entirely missing. Note a}lso in this context
DLTS can be removegat least in principlgwhen measure- that the revea_led symmetry could in prlnc_lple be an apparent
ments are carried out with samples subjected to uniaxigfy™Mmetry- This would happen when a swift thermally stimu-
stress. The stress deformation potential may be taken to hated ionic reconfiguration of a defect generates an “effec-
linear in relation to the applied force and consequently alsd!Ve™ SYmmetry element. In this case when the reconfigura-
linear in relation to the imposed strain on the defect. Math-iO" rate is much larger than the emission ree. (13)] the
ematically the effect of applied stress therefore may be exP0int symmetry will appear to be higher than the true *ionic
pressed in terms of partial strain derivatives that are relateYMMetry at low temperature.

in accordance with Eq8) by expressions of the form: So far we have neglected the possibility thet _emission—
rate patterns may be influenced by, or even originate from

dAE/d & = IE(F,Qp)/d & + IE(e;,)/d & the lifting of a possible electronic degeneracy associated

- 9E(L, Q)3 (10)  Wwith the defect level in question. This presents the problem

of distinguishing, from the emission data, between the elec-

In these expressions the right side middle terms are thgonic degeneracy characteristic of a defect with high sym-
constants entering in the band-edge deformation potentiafnetry and the orientational degeneracy characteristic of a
For the definition of the strain tenss;;} and further details  defect of low symmetry. The key to achieve this lies in the
regarding deformation potentials see, e.g., the review byjifference in the dynamical behavior in the two cases. As
Ramdas and Rodrigué3. discussed above, when stress is applied to an orientational
degenerate system the populations initially attain the statisti-
cal weights of the unstressed system. These may then slowly
(i.e., hindered by impeding thermal barrigepproach and

As Eg. (10) indicates that the measured shifts in level eventually reach the Boltzmann populations of a system in
energies involve band-edge terms and consequently a corthermal equilibrium for the given stress splittingee Sec.
plete absolute piezospectroscopic analysis of the stress ri&/ B 3 for further detail3. In practical work the temperature

2. Defect symmetry from level splitting
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may often be chosen so low that the initial populations aren silicon by EPR and local-mode IR spectroscopy. The cen-
maintained during measurement. This is entirely differenter was studied also in early applications of hydrostatic and
from what is expected for an electronically degenerate sysdniaxial-stress DLTS by Saméfaand by Meese, Farmer,
tem. Here the Boltzmann populations corresponding to thand Lamp8,7 respectively. The comparison 0O stress data
stress splitting would be attained rapidly and since the rangébom different experimental techniques reveals features in
of resolvable splitting typically encompass the Boltzmannanalysis and interpretation that may be considered as text-
energykgT of the measurement the population changes as bBook examples. We shall review tv© material as such in
function of stress should readily reveal the effects of elecSec. IV D and address in particular an additional bonus that
tronic degeneracy. can be drawn from alignment studies, namely, the explora-

Taking the precautions listed into account it is straight-tion of saddle points for reorientation processes utilizing
forward to obtain the point symmetry of a deep-level centefl_aplace DLTS®A particular useful feature of uniaxial-stress
with the carrier in its bound state. In this perspective aloneDLTS as compared to other techniques is the simple property
uniaxial-stress DLTS becomes a valuable tool for structurathat alignment may be achieved in either of the two charge
identification of electrically active semiconductor defects.states involvedsee Eq.(8)] just by carrying out the align-
All the specific examples given later in this chapter on thement procedure with or without bias applied to the diode.
application of Laplace DLTS deal with orientational degen-
erate systems. 4. Piezospectroscopic parameters from level
splitting

It follows from Egs. (8)«(10) that when the applied
stress lifts orientational degeneracy and thereby causes the
emission signal to split according to the number of non-

It is obvious from inspection of Eqg8)—(10) that the  equivalent defect orientations the stress derivatives may, in
inference of independent stress derivatives for either of th%rinciple, be obtained from the slope(¢q,,) versus pressure.
two charge states of the defect cannot be obtained even if thenere are limitations, which we shall now discuss.
contributions involving the band edge can be dealt with  First we consider the ideal situation when the stress de-
properly. We shall return to this matter later on. In this parapendence of the preexponential factor can be neglected. We
graph we limit the discussion to analyzing the prospects fofyrther assume identical symmetry of the initial and final
drawing conclusions about the stress derivatives from alignstates. In this case the shear components of the piezospectro-
ment studies. F.II’St we |r_1troduce the basic concepts for piscopic “difference” tensors{,Aﬁ—Ai'j} or {BE_B“}' are the
ezospectroscopic analysis of stress data for which the worantities obtained. As long as we are not concerned with the
of Kaplyanskif* laid the theoretical foundation. The defor- hydrostatic part of the tensors the band-edge derivatives need
mation potentiall,, labeled according to the orientation of ot pe considered as they are common to the members of the
the defect with respect to the stress direction, is expressegh|it pattern for a given applied stress direction. It has to be
either in terms of the piezospectroscopic stress or strain tenderstood that, depending on the defect symmetry, data for

3. Piezospectroscopic parameters from alignment
studies

sors{A;} or {B;} as two or three stress directiongypically (100, (110, and
U,=> A =3 Bieij, (11) (111)) are needed for a complete determination of the shear
components.

where{o;;} and{e;;} are bulk stress and strain tensors, re-  To determine the hydrostatic component one has to rely
spectively. See, e.g., Refs. 61 and 82 for details. From inen the extraction of the absolute shifts of individual split
spection of Eq(10) it follows thatB;; for the initial and final ~ emission lines or preferably extract the hydrostatic shift from
charge state of a defect correspondd(F,Qg)/de;; and  measurement under hydrostatic pressure. However, for mak-
JE(1,Q))/ de;j, respectively. In an alignment study samplesing these extractions one must know the deformation poten-
are directionally stressed at a high temperature to attain equiial of the band edge in question. Whereas the shear param-
librium populations of the individual defect orientation under eters of this potential are often available the hydrostatic
stress and then rapidly quenched to low temperature to freezgmrameter is normally known only for the band gap and not
this population. In this way the deviation from the randomfor individual bands. One may further envisage cases where
population can be utilized to partly determine either of thethe initial and final states have a different symmetry. In this
two piezospectroscopic tensofsy;} or {B;}. This result fol-  case the concept of a “difference tensor” becomes inconve-
lows from pairwise comparison of the populatiamsandn,  nient or even meaningless and the analysis obviously be-
via the Boltzmann relation comes much more complicated. Furthermore, the implied lat-
_ tice relaxations may suggest that stress dependencies of the

N/ = xp ~(Ua = Up)/kgT- (12 capture cross sections could be significant.

In this expression the hydrostatitrace component of We mentioned earlier that the symmetry read from split
the piezospectroscopic tensor always cancels, hence only tipatterns could be misleading and represent an effective sym-
shear(tracelesgpart of the tensor can be obtained. Any kind metry caused by rapid ionic relaxations. If, for example, in a
of measurement technique where ER) can be utilized can monoclinic center an ion can jump between two positions in
help in modeling a defect. Among the first successful applithe symmetry plane an effective orthorhombic center may
cations were the celebrated modeling by Watkins andesult when the jump rate is larger than the emission rate.
Corbetf* and Corbetet al®® of vacancy-oxygen centg¢wO)  Still one would from an electronic point of view say that the
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true symmetry is monoclinic because the stress respongsopic defect of a fixed orientation with respect to the cubic

must be evaluated as an average over two monoclinic orieraxes of the semiconductor crystal would depend on which

tations rather than a center with the jumping ion in its averk-space valley the capture originates from. It would be

age position. To treat a situation like this one may introducehought that this would appear to be rather insignificant for a

the effective emission rate,;; determined by DLTS and re- deep level, as one would expect such valley dependence of

late it to the stress derivatives. Denoting the rate constantsapture matrix elements to be minute because of the exten-

for jumps between the two orientatio® and(b) by A\, and  sion of the wave function itk space. However, as we shall

\p We get discuss further in Sec. IV D 4, this kind of the anisotropic
_ -1 -1 capture may explain the anomalous nonlinear stress depen-

Cert = [8a(1 +Aa/he) ™+ &(1 +Np/Aa) ], (13 Gence of the emission from the vacancy-oxygen cevi@r

under the conditiom\,,)> €, and quasidetailed balance

NoNp(t) =NaN4(t). Using this formula “theoretical emission

rates” may be derived from the calculated stress derivativeg' Early DLTS stress work

for direct comparison with experimental rates. 1. Hydrostatic pressure applications

With reference to the outline in Sec. IV B we may con-
sider the application of hydrostatic pressure as equivalent to

In the previous discussion we neglected the possible rolsimultaneous application of equal stress along the three cubic
that stress dependence of the preexponential factor may plagxes[100], [010], and [00]] of the semiconductor crystal
There are several causes for such dependencies. The masiusing a volumetric change of the defect. Obviously no ori-
obvious one is that the capture matrix element may have antational splittingor for that matter any lifting of electronic
direct stress dependence. Then, in the framework of thdegeneracycan be observed. The implication is that only the
deformation-potential concept, it is justified to assume lineartrace in the piezospectroscopic tens@,} or {B;}, is ob-
ity to first order with the consequence that the imposed effectained under this condition. A substantial number of
on the emission rat§Eq. (9)] would be rather weak. The hydrostatic-pressure DLTS studies have been reported in the
argument for this is that the cross section enters as a logditerature. Because only line shifts are involved the need for
rithmic term as compared to the energy shift unless the caphigh resolution is important only in the case of unresolved
ture process is thermally activated, in which case a lineaemission signals in conventional DLTS. Such cases are un-
response of the barrier to stress will contribute on the samdoubtedly plentiful. However, we shall restrict ourselves in
footing as the level shifts. The modeling of capture barrierghis review to discuss a few selected examples which serve to
is very complicated, and even more so for capture undeilluminate basic concepts of DLTS stress measurements, or
stress. Henry and Laﬁgieveloped a semiclassical model for which relate to the specific Laplace DLTS studies reviewed
thermally activated multiphonon capture. However, asin Sec. IV D.
pointed out by Ridle}’ the absence of a barrier does not Among the early hydrostatic-pressure studies are the
imply that multiphonon capture is not the dominating pro-work of Jantschet al®* who measured the pressure coeffi-
cess. Quantum modeling shows that multiphonon processesgents of theA andB levels in silicon of S, Se, and Te and
may occur without the presence of a thermal barrier. Hencéound values comparable to those of the energy gap and
multiphonon processes may be active at all temperaturesbout 100 times larger than those expected for effective-mass
even when the semiclassical approach fails. Basically, thshallow levels. The authors pointed out that the size of the
only way to deal fully satisfactorily with the interpretation of pressure coefficient may be taken as an alternativeettey
the stress-induced emission-rate shifts in terms of level shillsriterion fur classification of a level as being deep as opposed
is to actually measure the full stress dependence of the caps shallow. The point made was that the short-range defect
ture cross section. This is particularly important when it ispotential imparts a localization of the trap wave function that
suspected that a large lattice relaxation may be linked witlis not necessarily reflected in the level energy.
the emission process. The fingerprint of this would be the A detailed hydrostatic-pressure investigation of the
presence of a capture barrier at zero stress and possibly tM®O-acceptor level in silicon was reported by Sarfiend
induction of a capture barrier by the stress itself. HoweverSamara and Barn&s following up on earlier work by
even when the absence of any barrier indicates that the diretteller® In the context of the present review we take a par-
impact of the capture process may be neglected capture-ratieular interest in the work of Samara, which contributes im-
phenomena related to the lifting of degeneracy of band-edgportant information to our understanding of the physical
extremes under stress cannot always be disregarded. Thispsoperties of th&/O center. We duplicate some of the figures
because the emission const@iat. (9)] separates into com- presented in Ref. 86 for further consideration in Sec. VI D in
ponents with individual and possibly very different preexpo-conjunction with the interpretation o¥O uniaxial-stress
nential factors. data. Figure 19 depicts the pressure dependence of the acti-

A phenomenon of this kind related to the splitting of the vation enthalpyAH indicating the relative position of the
light-and heavy-hole valence bands was discussed by Noltevel in the gap as pressure increases. Figure 20 demonstrates
and Haller In this case the significance of the effect is the independence of the capture cross section of temperature
caused by the large difference in the effective masses of thend pressure, and Fig. 21 depicts the derivation of the volu-
two bands. Another somewhat analogous phenomenon couldetric compression accompanying the electron emission
arise if the matrix element for capture into a highly aniso-from the VO acceptor.

5. Stress dependence of preexponential factors
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FIG. 19. Reproduced from SamagRef. 86. Hydrostatic pressure depen- FIG. 21. Reproduced from Samaffaef. 86. Demonstration of the inward
dence of the activation energg.—E; (or AH) for the vacancy-oxygen Vvolumetric lattice relaxation accompanying electron from W@ acceptor
centerVO in silicon compared with that of the energy g The insert  level in silicon. The upper bound corresponds to the limit where the
depicts the fact that theO level moves closer to the conduction bgadd ~ pressure-induced shift of the gap is taken up entirely by the valence-band
farther from the valence banavith pressure. From the graphs it can be edge with the conduction-band edge remaining fixed. The lower bound cor-
deduced thatE; moves away from the valance-band edge at a rate ofresponds to the reverse situation. The average magnitude of the volumetric
24 meV/GPa. relaxation corresponds to an inward relaxation of the near-neighbor Si atoms

to the VO pair of 0.07 A. This estimate is based on the assumption that the

relaxation is taken up by the first shell of Si atoms alone and therefore

In addition transition-metal levels have been subjected teepresents an upper limit.

extensive pressure studies, ¢ii al,** Stoffler and Webel?

and Samara and Barn&The celebrate@,-553 meV mid- ) ) )

gap acceptor of Au in silicon was studied under hydrostatiéhat both levels shift towards their respective reference bands
pressure in Refs. 60 and 94. Figure 22 is reproduced frorRighlighting the deep-level character that the wave functions
Ref. 60 and illustrates the experimental determination oPf the bound carrier are not composed of the wave function
(0AG/ dp)r=AV analogous to th&O case. The work of Ref. of the reference band. Remarkably, then the pressure coeffi-
60 further includes a comparison of the Au stress derivativesient of the(0/+) donor level is very close to that of the band
with measured derivatives for the shallow level of thegap indicating that the level shifts aimost parallel to the edge
As-doped sample with results that fully corroborates theof the conduction band. Whether this is fortuitous or not it

analogous results of Ref. 91. Reference 95 reported the hyccentuates that a wealth of structural information is embed-
drostatic pressure coefficients for thg-235 meV acceptor 4.4 in stress data.

andE,+320 meV donor levels of substitution-site Pt in sili-
con. The negative sign of the two pressure coefficients shows
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0.2 0.4 0.6 o8 FIG. 22. Reproduced from Samara and Bar(iesf. 60. Temperature de-

PULSE LENGTH &(us) pendence of the logarithmic pressure derivative of the emission rate and the
pressure derivative of the Gibbs free enefy3 needed to emit an electron
FIG. 20. Reproduced from SamaifRef. 8§. Demonstration of temperature from the Au acceptor level in silicon. When corrected for the contribution
and pressure independence of electron capture t&@ecceptor level in  from the band edggcf. Fig. 21) the isothermal pressure derivative H&G
silicon. The initial capacitance amplitude as a function of filling-pulse du- measures the breathing mode lattice relaxation of the defect which accom-
ration is shown. panies the emission.
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GaAs InP the band gap the corresponding value for valence-band
a,=-0.7+t1eV. For InP the corresponding values

% Y ; a;=—7+1 eV anda,~0.6 eV were obtained from the stress
/ / / dependence of the @+ /3+) donor level. The application of
g % A uniaxial stress to obtain the hydrostatic stress derivatives im-

plies that small and unresolved shear stress contributions to
energy shifts have to be neglected in the analysis. However,
the deformation potential values so obtained corroborates
theoretical results by Van de Walle and MarttThe foun-

ae/3s 4al3e dation for the use of transition-metal levels as reference lev-
------------------------- — els for obtaining band offsets has been substantiated further

Ec - 090 Be - 0.60 by subsequent theoretical work of Hametaal **°
Taking advantage of these derived band-edge potentials
________ e Nolte, Walukiewicz, and HalléP* obtained absolute values
7% 0.20 Ev + 0.24 for the change in stress derivatives under carrier emission for
% : , the EL2 and EL6 centers in GaAs. This work is a perfect
example of the potential fotbut also the difficulties ipde-
: : riving structural information from uniaxial-stress measure-
: // / ments. For(0/+) EL2 (E.—820 meV} it was concluded that
; % % the electron-lattice interactions must be large with the four
Ti v Ti v nearest neighbors to explain the large change in isotropic

strain upon electron emissiofr~90 meV/GPa yet the
FIG. 23. Reproduced from Nolte, Walukiewicz, and Hallief. 96. The  Strength of the interaction with the individual neighbors must
figure illustrates the basic concept for obtaining individual band edge deforbe small to explain the lack of strain anisotropy
mation potentials. The line up of the transition-metal levels across the band(-<5 meV/GPa& More recently Blisset a|_102 extended the

gap offset between GaAs and InP is shown. By analogy a similar offset will" . . l-st K to th d ionizati | (of /
occur across a strain-induced homojunction in which case the individugHMaxial-stress work 1o the second lonization leve ®

shifts of band edges are directly proportional to the corresponding deformat) EL2 (E,+520 meV} observed inp-type GaAs and found

tion potentials. The conduction-band potential was obtained from measuregd pressure derivative that is more than a factor of 2 less than

stress derivatives of thé8+/2+) Ti and V levels in bulk GaAs and the + ; : :

(4+/3+) Ti level in bulk InP. The valence-band potentials were derived by that of the(O/ ) level with no or_lent_atlonal dependence. In

subtraction of band-gap potentials. order to compare the stress denvqnves for the two cases in a
consistent way one has to consider that the contributions

from capture barriers may differ significantly. For the+/

+) level no significant dependence of the hole capture barrier

was found whereas for th@®/+) level mutually inconsistent

In general the hydrostatic pressure derivative of a defeciesults have been reported. Dobaczewski and Sienkié%icz
level cannot be discerned from the derivative of the pertinentound no barrier and Dreszner and Béfound a substantial
reference band since only derivatives for the band gap can earrier. If the latter result is utilized to extract the pressure
obtained by direct spectroscopic means. Hence, experimentdfpendence of thed/+) equilibrium level this dependence
determinations of band-edge deformation potentials mugirns out to be very similar to that of the +/+) level in
rely on model-dependent analysis of experimental dats@ccordance with the expectations for a simple;fantisite
Nolte, Walukiewicz, and Halléf carried out such analysis defect. The complexity of the EL2 case underlines two major
for GaAs and InP. Their analysis rests on suggestions bproblems in obtaining reliable stress analyses, namely, to
Caldas, Fazzio, and Zun@éand Langer and Heinridhthat evaluate the influence of stress on capture barriers and for
transition-metal deep levels can be used as the stable refdiole traps to include possible effective mass effects even
ence that lines up across an interface between two isovaleMhen the capture matrix elements are stress independent.
semiconductors. The effective mass problem will be reviewed in the follow-

An analogous lineup holds also for a strain-induced hoJng section in further detail.
mojunction where the band offsets at the interface are di- N
rectly proportional to the band-edge deformation potentials3- Effects of band splitting on the capture process
As a consequence it was conjectured that measuring the As Eg.(9) shows the emission probability measured in
stress derivative of the transition-metal defect level is, inDLTS as defined through detailed balance includes the den-
fact, a direct measurement of the stress derivative of thsity of states in the band and the thermal velocities of the
pertinent band-edge deformation potential of the bulk mateearriers. Hence, for uniaxial-stress applications it is crucial to
rial. Figure 23 reproduced from Ref. 96 indicates the essendnderstand how the thermal emission of carriers to a stress-
tials of the experimental analysis. The stress derivatives a$plit conduction or valence band is affected. The case of
Ti(4+/3+4) and V(4+/34) levels were obtained by DLTS thermal electron emission from defects to the conduction-
under uniaxial stress and found to be essentially equal yieldsand minima in the indirect-band-gagtype semiconductors
ing for GaAs the pressure derivativgper unit straif  is fairly simple to treat because the minima represents truly
a.=-9.3+1 eV for the conduction band, and by subtractingindependent bands with well-defined density of states and

2. Band-edge deformation potentials and absolute
pressure derivatives
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carrier effective masses, which to first order are not altereghendent of the coupling to the split off band as discussed by
by the application of stress. Under this condition the band—lasegawé.OS Hence, two rigidly displaced independent
minima can be treated as individual noninteracting band®ands accurately describe the valence band under large
that displace rigidly with changing stress. In general, thestress. We may assume also tkfar low enough tempera-
band splitting affects the thermal capture process. ture) the emission occurs to the upper member of the stress
Consider an anisotropic defect in one of its possible ori-split bands implying that in the high stress limit only one of
entations with respect to the cubic axes of the host crystathe two terms in Eq(14) survives and any remaining stress
The total probability for thermal emission of carriers from dependence in the capture rate must be ascribed to an explicit
such defect to multiple bands, whether degenerate or not, stress dependence of either the capture cross section or ef-
the sum of various independent emission probabilities withfective mass. In contrast to this we may assume that when
the consequence that the standard detailed balance expre®nlinear stress dependence of the emission from a deep
sion[Eq. (9)] for the emission rate has to be modified. Nolte level is encountered at low stress it is likely to originate from
and Haller discussed this in detail in Ref. 90 for the case othe change in the weight of the two terms of Ety).
the silicon valence band. The total probability of emissionto  The situation is somewhat simpler for electron emission

two bands split under uniaxial pressure is given by to the conduction band. See Balsi®and Laude, Pollak,
and Cardon®’ for numerical data for the Si and Ge cases,
en(p) = T304 (P)my(P)exd — AG,(P)/kgT] anc_j _Ref. 8_2 fpr a review of basic concepts _r_egarding t_he
. splitting of indirect bands under stress. For silicon the dis-

+ 1p02(P)My(P)exi ~ AG,(P)/kgT]}. (14)  placements lift the degeneracy at thepoint valleys for

In this formulac is a proportionality constant and the (100 and(110 stress in such a way that tigenergy low-
quantitiesm,(P) and my(P) are averaged effective masses 'S for(100 and increases fof110 whereas the, andk,
arising from the combination of the density-of-state masd/alleys stay degenerate. FOE11) stress all threed-point
and the thermal velocity mass for each band. The paramete¥&lleys stay degenerate. However, since the effective mass is
», and 7, denote the degeneracy factors of the two band$he same for all three valleys there will be no effect of dif-
and o(P) and o,(P) the carrier capture cross section of the ferent weighting of the valleys coming from the mass terms
deep center from each individual band. The terh@G,(P) in this case and if we further assume that the bands displace
and AG,(P) contain the shift in Gibbs free energy of the rigidly the effective mass cancels in the relative stress depen-
deep state for the chosen orientation and the band energignce of the emission rate. Yet it has been found by Yao,
shifts. As indicated both capture cross sections and effectivi¥ou, and Qil® and Mou, Yao, and Qif° that the emission
masses may in principle depend on the applied pressuréom and capture to the vacancy-oxygen center is strongly
However, even when this is not the case the difference bestress dependent at low stress in particular for stress applied
tweenm, andm, and a possible difference betweepand ~ along a(100 direction.

o, will cause a significant nonlinearity in the stress response  In contrast to this, Samara found in Ref. 86 as reviewed
of the position of the energy level of the deep state wherin the preceding section no dependence of\fiielevel po-
derived asAE(P)=kT X In[e,(P)/e,(0)]. sition under hydrostatic pressure indicating that the stress

Nolte and Hallef® carried out a detailed analysis for the does not affect the capture matrix elements directly. In the
rather subtle and complicated case of hole emissigntipe  light of Eq. (14) this (seemingly conflictingevidence points
material. In this case nonlinearity may originate from theto a significant anisotropy in the matrix elements governing
difference in effective masses whereas it is reasonable the capture fronk, and thek, or k, valleys, respectively. In
assume thair;=,. Even for zero stress it is not possible to Sec. IV D reviewing the more recent LDLTS results of Do-
determine an effective mass tensor uniquely because the ebaczewskiet al*®® we address this problem in further detail.
ergy surfaces are shaped as warped spheres far from being
elliptical or spheroidal. As a consequence approximate aver- o S

. . . 4. Uniaxial-stress applications
age effective heavy- and light-hole masses are conveniently
introduced. Nolte and Haller treated the stress dependence of The first successful application of uniaxial stress to de-
the emission rate in an approximate independent-band modtg#rmine the symmetry of a deep-level defect was carried out
combining the stress shift band-edge energies and then ity Meese, Farmer, and Lan%Figure 24 reproduced from
cluded the additional warping of the energy surfaces in termghis work demonstrates the split of the DLTS emission peak
of changes in the average effective masses describing tha# the vacancy-oxygen center obtained in a conventional
density of states and the thermal velocities. temperature scan. The splitting undéd 1) and(100 stress

The applicability of the model was demonstrated suc-n each case into two components of 2:2 and 2:1 intensity
cessfully for p-type silicon in studies using the iron- ratios, respectively, is consistent with the orthorhombi;,
aluminum pairs Fe-Al-1 and Fe-Al-2 as reference levels. Itsymmetry of the center in accordance with the structure de-
should be noted that the model becomes rigid in the highduced by Watkins and Corbett from EPR and IR measure-
stress regime where well-defined effective mass tensors canents (Refs. 84 and 8p Similarly, Henry, Farmer, and
be invoked. Only the stress dependence coming from th&leesé'® and independently Kimerlifg' found the symme-
coupling to the split off band survives and causes stress dery associated with the 140 meV thermal donor emission
pendence of the principal values of the density of-state tensaronsistent withD,4. However, this apparent high symmetry
whereas the average thermal inverse effective mass is indé probably a result of either thermal averaging or just insuf-
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FIG. 24. Reproduced from Meese, Farmer, and LaRef. 87, the first
reported application of uniaxial-stress deep-level transient spectroscopy. The
lifting of orientational degeneracy is demonstrated for the A cefuér) by

the (partly resolved splitting of the DLTS peaks obtained in conventional
temperature scans of samples under stress. The directions of the applied
force relative to the crystal orientation are indicated in the figure.
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ficient resolution to resolve the true symmet@,,) as de- Uniaxial Stress {GPa)
termined from IR and EPR studies by Stavdfand Wagner
et al,™? respectively. In a recent review Stavbfashowed 763
that all available piezospectroscopic data comply with an {c) [111] stress
effective mass type model in which the electronic structure
of the thermal-donor states are selectively constructed from
wave functions of pairs of alignekl valleys. This model is
obviously consistent with the DLTS data when the splitting
associated with symmetry loweririg,y— C,, is unresolved,
or if a thermal broadening of the defect structure averages
the symmetry on the time scale of the emission process.
Hartnett and Palmél® performed conventional DLTS
measurements combined with the uniaxial-stress technique
on the El, E2, and E3 irradiation-induced defects in 755- 52 Y
n-GaAs. It has been evidenced previously that these defects .
are produced by the initial displacement of one atom from its Uniaxial Stress (GPa)
lattice site and it has been propos€dhat the El and E2 g, 25, Reproduced from Yang and LaniRef. 117, the first reported
defects are different charge states of the single arsenic vattempt to maximize the separation of emission-rate signals in uniaxial-
cancy Ve and that the E3 defect is an arsenic Frenkel pairstress DLTS. The 0rientat_i(_>na| splitt_in_g_ of the E(DZf-) level is res_olved by
VseAs. From peak broadening and spliting Hartnett andZststares decomposton of dgiees capaciance wanents. Toe re
Palmer concluded that the local symmetry of each of thesgerstitial pair Ag,-As,.
defects is trigonaC,, which does not agree with postulated
T4 symmetries for E1 and E2.
To our knowledge, the first attempt to apply higher reso-Splitting patterns are consistent with trigonal symmetry of
lution DLTS techniquegby a fitting procedurgin conjunc-  the center in accordance with an interstitial paiQaf sym-
tion with uniaxial stress to determine symmetry was pre-metry. Obviously the orientational line splitting is very small
sented by Yang and Larﬁ’ﬂ who examined the stress in accordance with a weak bonding between the arsenic an-
dependence of ELR0/+) emission in order to resolve an tisite and the arsenic interstitial. Hence, in the light of the
existing ambiguity regarding the symmetry of the center, bagifficulty of successfully applying high uniaxial stress to
sically whether it isTy or Cg, distinguishing between the Gaas it would have been virtually impossible with standard

isolated arsenic antisite Ag or the axial interstitial-pair rate window DLTS to resolve the line splitting. The work of
Asc,-As;. The result of a meticulous least-squares analysis i?\lolte et al’®! corroborates this conclusion

shown in Fig. 25 as reproduced from Ref. 117. The revealed

Energy {meV)
~q
a
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0 GPa FIG. 27. Reproduced from Bonde Nielsenal. (Ref. 123. Laplace spectra
e N — obtained unde¢100 stress to demonstrate the lowering of the trigonal sym-
I ! ! ! metry of bond-center hydrogen in silicgthe E3 signa). After the conver-
10 100 1000 1 10000 sion E3 to E3' by annealing the emission peak slits in the ratio 2:1 corre-
Emission rate (s ) sponding to monoclinic symmetry.

FIG. 26. Reproduced from Dobaczewsitial. (Ref. 78. Demonstration of
the_ t_rigonal symmetry of bond-centgr _hydrogen in Germanium from theqral site of the host crystal of hydrogen. The injection may
splitting of emission pe_aks under uniaxial stress applied a{@66), (110 be caused by annealing of neutral bond-center hydrogen
and(111) crystal directions. o . 191 o
Hgc (Bonde Nielseret al."*") or by electron emission from

negatively charged tetrahedral interstitial hydroger H
(Bonde Nielsenet al!?). The swift migration also would

In this section we shall review a series of recent resultsccur transiently, for example, after release of trapped hydro-
obtained with Laplace DLTS in conjunction with uniaxial gen from a shallow donor impuritgHerring, Johnson, and
stress. Our main purpose is to present some examples th@n de Wallé®), or by release from more complex
serve to illustrate the type of problems that can rewardinglyhydrogen-related defects. In the course of its migration hy-
be addressed. In addition we shall have the opportunity terogen may encounter the strain field of an inadvertent im-
exemplify the problems of spectroscopic interpretation in theyurity like interstitial oxygen or substitution-site carbon,
light of the general outline given in Sec. IVB and IV C. which in turn may slow down the migration.

As an example of this, the strain field around oxygen

1. Defect symmetry from level splitting  ...bond-center stabilizes the positive bond-center configuratiog.H by
hydrogen, Hgc about 0.3 eV. Remarkable then is the fact that the electronic

As the first example we consider bond-center hydrogerPropertiegsuch as the position of the donor level ofd) are
(Hgo) in silicon. From its structure with hydrogen located at practically unaffected by the strain field to the extent that
the axis of a stretched Si-Si bond this center must f@ye €Ven with application of Laplace DLTS the emission from a
symmetry. The center is unstable at room temperature but &rained centefE3’) cannot be discerned from the un-
the dominating hydrogen defect formed by low-temperaturétrained centeXE3') (see Ref. 122 for details This has
implantation of hydrogen into silicon. It was originally rec- naturally caused some confusion in the past. However it has
ognized by Holm, Bonde Nielsen, and Bech Nielééms a Now been showt” that the symmetry of the center does
bistable center byn situ application of conventional DLTS indeed lower from trigonal tqpresumably monoclinic in
to proton-implanted samples at 77 K. The assignmentgs H accordance with the presence of symmetry breaking nearby
came from an analysis of the annealing properties and corrdnterstitial oxygen. We demonstrate this in Fig. 27, which
lation with EPR data, Gorelkinskii and Nevinn’;}ﬁ and compares the effect of uniaxial stress on the regular bond-
Bech Nielsen, Bonde Nielsen, and Bybé&fgWwith the appli- ~ center signalE3’) and the strained bond-center sig(&8').
cation of uniaxial stress the trigonal character of the centePespite its small size, the splitting of tl200) stressed E3
has now been confirmed directly by Bonde Nielggral,'?> is clearly seen with Laplace DLTS.
and very recently Dobaczewskt al.”® have identified the Similarly Laplace DLTS has helped disentangle the com-
analog center in germanium. As a demonstration of the replex behavior of bond-center hydrogen perturbed by nearby
solved trigonal symmetry by Laplace DLTS we reproduce insubstitution-site carbon. The interpretation of the behavior of
Fig. 26 the split pattern for the case of Ge presented in Rethis center known as E3 in the literature has caused a great
78. deal of confusion. The center, with activation energy very

It has been found that monoatomic hydrogen can migratelose to that ofE3’) (and E3), was originally observed by
swiftly through a silicon crystal even at temperatures belowEndrés?* in plasma treatment of carbon-rich silicon, and by
80 K. The swift migration occurs through the open areas irKamiura et al!® in wet chemical etching of regular float
the silicon crystal and is initiated as a result of injection ofzone material. The signal was initially ascribed to a donor
monoatomic neutral hydrogen®khto an interstitial tetrahe- level of hydrogen forming a three-center bond Si-ktus

D. Uniaxial stress with Laplace DLTS
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FIG. 28. Reproduced from Andersen al. (Ref. 129. Laplace spectra to Fd by —

demonstrate lowering of symmetry when bond-center hydrogen is pertubed
by next-neighbor substitution-site carb@ime (C-H), signal. The carbon 1 10
pertubation gives rise to the shifted Laplace signal which splits u¢id¥)
showing that the symmetry is now lower than trigonal. The t®eH), spect

ra have been regenerated after hydrogen implantation and annealing by
lumination with and without applied stress.

Emission rate (s'l)

‘L-IG. 29. Reproduced from DobaczewsHi al. (Ref. 88. Laplace spectra
obtained for the orthorhombic\YO center under uniaxial stress. Note that
(110 stress should cause splitting into three emission peaks with the inten-

giving rise to a trigonal center in the silicon lattice. The sity ratio 1:4:1. Only two withintensity ratio 5:1 is observed. The true
trigonal character of E3 was later confirmed by Kamiura,SPiting is revealed for stress0.6 GPa.

Ishiga, and Yamashitd® in uniaxial-stress measurements _ _ N _
with conventional DLTS, and its dynamic properties dis- phasized the step from just determining the symmetries to

cussed further by Fukuda, Kamiura, and Yamasfitand ~ extract properly the structure-dependent components of the
Kamiuraet alt?8 piezospectroscopic tensor is far from trivial. We exemplify

In situ Laplace DLTS studiegAndersenet al*?® )  this by means of stress data from Laplace DLTS of W@

showed that the center under certain conditions could be getRef. 88 andVOH center(Coutinhoet a|-l3?)- TheVO cen-
erated in carbon-rich material as an anneal product after low(€r iS @ very prominent defect in silicon indeed one of the
temperature proton implantation and confirmed its trigonaPest studied. The basics for the understanding of its structure
character but concluded the center had to be an acceptor. Yere laid early in the history of defect physics by Watkins
addition, Anderseret al*’ carried out a detailed piezospec- and Corbetf**>and as mentioned later supplemented with
troscopic analysis of the experimental splitting patterns irfiydrostatic pressure restiftand uniaxial-stress resufté!
comparison with theoretical modeling. From this, the center! Ne VO center has orthorhombictC,,) symmetry as origi-
could indeed be identified as the Si-H-@nd-center defect Nnally concluded from the EPR study of Ref. 84, and here
as proposed initially. However, it is the acceptor level of thisdemonstrated by the Laplace DLTS splitting pattern depicted
defect which is revealed by the E3 emission. The conclusiof Fig. 29. _

of the analysis is that substitution of carbon for silicon pulls N contrast to this a recent EPR study of ¥@H struc-

this level into the band gap from above and with the furtherture (Johannesen, Bech Nielsen, and Byb#lghas revealed
consequence that the donor level moves downward. Intdls symmetry as monoclinit{C,). However, the two cen-
itively these shifts are the consequences of the asymmetf@rs have much in common as indicated by the sketches
that the substitution with Cimposes on the regular three Shown in Fig. 30. Th&/OH forms when hydrogen breaks the
center Si-H-Si bond, thereby generating some dangling-bon@longated Si-Si bond, terminates one dangling bond and
character. A major breakthrough for the reassignment of E4eaves the other free to capture an electron from the conduc-
[denoted C-H), in Ref. 47 was the identification of its pre- tion band. In this way the originAO acceptor state is turned
cursor (C-H), observed directly after implantation at low into dangling-bond typ&OH state shifted downwards in the
temperature. This center could be identified as bond-centdt@nd. A comparison of the uniaxial-stress response o¥/e
hydrogen Si-H-Si next to C As in the case of oxygen- and VOH acceptor levels is particularly useful to illustrate
induced strain the carbon-induced strain should cause a lowt@ny of the problems that have to be considered in a thor-

ering of the symmetry. This is demonstrated by the uniaxialoUgh piezospectroscopic analysis. As it turns out the symme-
stress data shown in Fig. 28. try of VOH appear aC,, when interpreted from the level

splitting under uniaxial stress. This is, however, an artefact of
the rapid jumps of hydrogen between the two equivalent sites
as indicated in Fig. 3®). We shall discuss this further in the
following section addressing dynamic properties. Here we
A general scheme for piezospectroscopic analyses of thghall focus on the extraction of the piezospectroscopic tensor
liting of oriental degeneracy of a deep level under uniaxialcomponents combining alignment and level splitting. ¥or
stress were outlined in Sec. IV B 3 and IV B 4. As was em-the tensor components should comply with the piezospectro-

2. Piezospectroscopic parameters from alignment
and splitting: The V. O and VOH centers
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FIG. 31. The stress dependencev@ for the three major stress directions
(100, (110 and(111) defined asAE=kgT X In[e,(P)/e,(P=0)], from Do-
baczewskiet al. (Ref. 88.

the ionization procesgO™ — VO%+e_", and thereby contains

information that depends on both charge stateg®@fsimul-

FIG. 30. (a) The geometric structure of théO defect. The arrows indicate taneously. Contrary to this the stress-induced alignment al-

the principal axes of an orthorhombic-I piezospectroscopic tensor. The lajows the energy shifts to be determin@ie Sec. IV B bfor

bels B, B,, B; denote the corresponding eigenvalugs.The modification P - . P P

of the Structurga) whenVO traps a hydrogen atom. the dlff(?rent orientations in the |'nd|V|duaI charge stare¥?
andVO™. As an example of the interplay between these two

scopic EPR results of Ref. 84 and comparisons with thesgpproaches we compare the results obtained from stress ap-

results ma: Rl_ied along a(111) crystal direction. Here the stress coeffi-
y therefore serve as a check to evaluate the coh: S ST
sistency of the piezospectroscopic analysis of the LaplacgIent determining the e_nergy separation Is glv_e_ndgym
DLTS results. We present this comparison in Table | which™ = S44(Bz~Bs), wheres,, is a component of the silicon elas-
also includes a comparison with recent theoretical resultdC compliance tensor, ari, ) are eigenvalues of the defect
(Coutinhoet al'®). As can be seen from the table there is Strain tensofsee Fig. 3(a) and Ref. 88 for more detailsin
overall fair agreement considering the typical errors ofthis case the absence of any alignment in the neutral charge
~0.5 eV ascribed to all experimental and theoretical valuesstate shows tha,’~B,’, to within a couple eV. However,
The Laplace data of Table | have been derived fromthe fact that a significanf111) splitting is observed then
comparison of the splitting of the emissions pedkig. 29  shows thatB,” must be different fronB;" reasonably con-
as a function of the applied external pressure with the depasistent with the direct alignment resiB; —B, =10+2 eV
tures from the statistical intensity ratios compared to the inand the splitting resuII(Bz'—BZO)—(B3'—B3°):1512 ev.
tensity ratios of Fig. 29 after rapid cooling from a high tem- Similar comparative analyses for the other stress directions
perature at which equilibrium alignment under stress hadhen lead to the completion of Table I. In this regard it is
been achieved at the high temperature. As outlined in Sedimportant to emphasize that it is the linear splitting in the
IV B 4 the level splitting records the influence of stress onhigh stress regime that has to be compared with the align-
ment data. This is particularly true for tk&00) case where a
TABLE |. Piezospectroscopic tensor components for the vacancy-oxygefranch reveals very strong bending at low stress as shown in
are from alignmen but Congitont with th ciata obtaimed rom spiting ' o e shall return to this problem in Sec. IV D 4,
| | Wi | it |
312 hicg)jh—sirgss Iimi(cfl.J Fig. 30 and the discussion in Sec. IV D 4.p ’ TheVOH (?enter §h0W§2v symmetry on average. How- ,
ever, as mentioned in Sec. IV B 4, when comparing experi-
Tensor component Thedty EPR Laplace DLTS mental data with theory one should use averaged values cal-
culated from the stati€,, structure as the electron is emitted

B,° -9.8 -11.1 -11.4 : : :
Blo 55 o1 57 while hydrogen is bound _to one or the other qf the two Si
BZO i 49 57 partners. Such a comparison is particularly simple for the
Bi‘ 68 g4 80 (100 case because here the applied stress renders the two
B, 78 8.8 9.0 possible orientations of the Si-H bond energetically equiva-
By -05 0.4 -1.0 lent and no further splitting as compared @@, symmetry

occur. The comparison has been done in Ref. 130. The ex-

“Ref 132. : o .
bRng:zg(éz 84 perimental splitting of the fast and slow branch of the split
' f(~/0) S(-/0)

°Reference 88. patterna™ o=@ " (199=21 meV/GPa where the su-
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bond centered H (E3) | |bond centered H (E3) other three equivalent bonds. This is a result of the stress
P/ <111> 0.45GPa, 76K P/l <110> 0.5GPa, 72K counteracting the outward relaxation of the silicon atoms in
the three center Sil-Si bond. Hence, at 140 K 4" can

jump between bond-center positions but the temperature is

it ST . i
:.fitgrr,mem :ng;mem too low for the migrating ior(in the available timgto reach
at 140K J at 190K any trap in the crystal and form some other defect structure.

When the alignment process is carried out at 190Fl§. 32,
right) an analogous alignment occurs. In this case, however,
the total amplitude is not maintained indicating that a frac-
tion of the migrating hydrogen atoms have got time to reach
trapping centers and form new defects.

A similar connection between reorientation and diffusion
applies to the divacancy. Th is relatively stable governed
YT T T by a barrier of ~1.4 eV (Watkins and Corbett¥) and

10 100 1000 10 100 1000 (Stavola and Kimerlintf® ) but whether its disappearance is
Emission rate (s ') . . . . .. .
due to diffusion as an entity or dissociation is not known.
FIG. 32. The connection between alignment and diffusion illustrated by théVhichever it is, the first step in the process should be a jump
E3' emission from bond-center hydrogen. The stress splitting of the Laplacef a neighboring silicon atom to fill one of the adjacent va-
ti'ﬂse'r'gg ?eesf(’{ioagﬂ daqggaé" ?:f;“g‘gg;ecmé{gzg ‘;‘égat two different o cies. The two resulting vacancies are now in the second-
nearest positions. If the next step in the process is a further
. - L . jump of the silicon atom to fill the other vacancy then the net
perscript(~/0) |nd|c§tes |on|z§t|on. S"_“""’}{A}’ for thf(o?e“”a' result is that theV/, is simply reconfigured or returned to its
state the experimental figure iSa"" 09~ a (109 original orientation in the lattice. Alternatively if the second
=109 meV/GPa. The theoretical valugRef. 130 for the  jump involves a different silicon atom then the vacancies are
same quantities are 24 meV/GPa and 96 meV/GPa, respegyther separated and the second jump may be considered as
tively, in fair agreement with the experimental values. the first step in dissociation.
Under(111) stress the Laplace DLTS emission peak of
3. Dynamic properties: The H pgc, V,, VO, and VOH the V,(-—/-) level splits in the intensity ratio 3:1 indicating
centers that the initial state has trigonal symmetry, see later for fur-

We have already touched upon the role that dynamither discussion of this point. It is well established thatis
effects may have on the interpretation of thermal uniaxial-stable below~550 K. This high-temperature stage must re-
stress data, and present here a number of examples frofar to the neutral charge state of the defect, M-, andV,~
Laplace DLTS studies to illustrate more specifically variousare stable below the temperatures at which the Fermi level
aspects related to dynamics. crosses thé——/-) or (=/0) levels, respectively. Annealing

Reorientation and diffusiorObtaining the piezospectro- under stress shifts the annealing stage downwards. At 350 K
scopic behavior from alignment studies, as discussed in tha clear alignment effect shows in the Laplace spectrum when
preceding section, relies on the control of the reorientatior0.5 GPa stress is applied alongHl1) axis. The small line
dynamics since the equilibrium populations have to beooses~70% in amplitude essentially without any gain in
reached at the temperature of alignment and then instantiyhe larger line.
frozen at the temperature which the emission spectrum is  This overall reduction shows that the reorientation is ac-
actually recorded. This may limit the range in temperaturecompanied by dissociation and/or enhanced diffusion to
that can actually be utilized to generate the alignment. Weraps. A simple explanation would be to assume that the bar-
chose as an illustration the case of the #8nor emission of  rier for a single jump Si-Vg; between two neighboring sub-
bond-center hydrogen. Figure 32, taken from Dobaczewskgtitution like lattice sites is lowered by the stress. Under this
et al,'* depicts the uniaxial-stress split patterns before anaondition it is easily conjectured that the defect reorients to
after alignment measurements at low temperature. Before thevoid having theV-V axis aligned with the stress. In this
alignment, when stress is applied alofidll) or (110 the  argument we disregard that the charge state in which the
Laplace DLTS emission peak splits into two componentsdefect anneals actually departs from trigonal symmetry and
with the amplitude ratio 3:1 or 1:1, respectively whereas ndbecomes monoclini¢see Ref. 134 The reorientation com-
splitting is observed for stress alo00), all in accordance petes with dissociation into adjacent monovacancies. Hence,
with trigonal symmetry as outlined in Sec. IV D 1. When the loss in amplitude is accounted for qualitatively and\the
stress is applied to the biased sample at 140 K, i.e., with thease provides a neat example of stress-induced annealing.
defect in the positive charge state and well below the temFor defect complexes, which are anchored by an immobile
perature where long-distance migration of hydrogen sets igonstituent, the alignment may occur at a much lower tem-
the hydrogen can jump between different BC positiggee  perature than the diffusion onset. This has been shown to
left-hand side of Fig. 3R the initial peak amplitudes are apply for Hsc next to interstitial oxygertithe E3 centey and
changed whereas the sum of their amplitudes remains cotier VO andVOH as well.
stant. Hydrogen is expelled from the bonds having zero The reorientation saddle pointhe two examples of the
angles with the stress direction and recovered in one of thpreceding section provide intuitively reasonable, yet very

before

Laplace DLTS amplitude (arb. units)

before
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FIG. 34. Reproduced from Dobaczewskial. (Ref. 88. The total energy
diagram for the VO defect stressed along {fi&0] direction showing the
spitting of theT, saddle point under stress. Below each minimum the cor-
0.40 GPa responding vectors parallel to the elongated Si-Si bond, according to Fig.
0.35 GPa 30, are given. For the maxima the vectors indicate orientations of the trigo-
0.30 GPa nal axes. The numbers in bold font are zero stress data. Italic and underlined
0.25 GPa fonts denote values obtained from alignment and peak splitting, respectively.
0.20 GPa All stress data are referenced to a stress of 1 GPa. The increase of the barrier
at T,g has been measured directly; the decreaskats estimated.

+o0X)>

the results of such measurements for the neutral charge state
VvO° under(100 stress and110) stress, respectively. As can
be seen the application of stress speeds up the reorientation
0.6 — 17— process in the former case and slows down the process in the
0 2000 4000 6000 8000 10000 latter case. The corresponding stress coefficients derived
Annealing time (s) from the time constants are -84+8 meV/GPa and
N . . .
FIG. 33. Reproduced from Dobaczewskial. (Ref. 88. The VOO reorien- 100_3 m,eV/G,Pa' reSp,eCtlvely' On the _baSIS of these data in
tation kinetics measured from the change in amplitude of the stress-spig0Mbination with the piezospectroscopic tensor components
Laplace DLTS peaks of Fig. 29 in a sequence of isochronal annealing stepsbtained from level splitting and alignment it has been pos-
at a fixed temperature. FGLO0) the reorientation time constant decreases ; ; ;
with stress whereas fdfl10) the time constant increases with stress. sible to construct the t_OtaI e_nergy dlf?lgl’am_ for_ we pair
stressed along @ 10 axis which is depicted in Fig. 34 taken
from Ref. 88.
qualitative, modeling of reorientation and migration kinetics. ~ The diagram visualizes the trigonal symmetry of the
For the VO center this modeling has been pursued furthersaddle point. Fok110) stress the elongated Si-Si bond has
The extensive Laplace DLTS work of Ref. 88 explores thethree different orientations with respect to the stress, and
influence of stress on the oxygen reconfiguration trajectoryhese orientations are represented by the three minima in the
quantitatively. The geometrical structure of the center Wajiagram O,,, O;5 and O,. For a saddle point of trigonal
shown previousljFig. 30@]. Obviously, the position of the gy mmetry there have to be two different energy barriers
interstitial oxygen atom must have the option of switching toseparating these minima. These are markgdand T,g on

a position between two other equivalent Si atoms with Ahe diagram where the fourfold degener@teminimum has

correspondmg SW.'tCh of the elo_ngated S."S'. bond. Thebeen chosen as reference point for the energy scale. As can
saddle point of this thermally activated switching may bebe seen the saddle barrier splits into two components. The

considered as the precursor for an oxygen diffusion process £ thee barrier i d directl h th
where the migrating oxygen atom is accompanied by a vallcrease o 28 DArmier 1S measured directly, whereas the

cancy. The concept of a migration trajectory with a Saddledecrease in th&@,, barrier is estimated using the measured

point implies that the process can be treated adiabatically arfifcrease undei00 stress(see Fig. 34to estimate the hy-
consequently that a saddle point can be determined frorflrostatic component of the saddle-point piezospectroscopic
measurements of the stress dependence of reorientation b#nsor relative to the energy minimum. The doublet structure
riers. of the saddle point undet110 stress indicates that the
In accordance with this the reorientation kinetics¥®  saddle point has trigonal symmetry. Furthermore this sym-
as a function of applied uniaxial stress were obtained in semetry is the only one that is consistent with the combined set
quences of isothermal annealing steps. Figure 33 illustratesf all available stress data. Th& case provides an excel-

Normalized amplitude (arb. units)
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Si: VOH(-/0) T=160K
3 <111>

Dobaczewski, Peaker, and Bonde Nielsen

two equivalent configurationgFig. 3Qb)]. Similarly these
jumps are responsible for th®&,, symmetry found by DLTS

because they may cause effective emission rates to be re-
corded in accordance with E¢L3).
Figure 36 taken from Ref. 130 depicts a detailed theo-

3
PO AU,
retical model taking the averaging effect into account. The
figure serves to illustrate how the averaging causes an appar-

4+1 <110>
/ \ 1 0.65GPa
ent increase in symmetry with the net result that essentially

4 one dominating component prevails in the averaged emission

g}ggpa 2 rate. Note for(110 that the fourfold degenerataveragey
' eightfold component is close in energy to one of the twofold
6 components in agreement with the unresolyée 1) emis-

sion peak of Fig. 35. The case WDH is to our knowledge
0GPa the best documented example on the role of thermal averag-
ing in the interpretation of DLTS uniaxial-stress data. Obvi-
ously a lack of spectral resolution could be mistaken for
thermal averaging and this emphasizes that care must be ex-
ercised in drawing conclusions about static symmetry from
_ uniaxial-stress DLTS alone, in particular when the measure-
FIG. 35. Reproduced from Coutintet al. (Ref. 130. Laplace DLTS spectra . . . .
of VOH(-/0) recorded at 160 K at zero stress and under uniaxial stresdN€Nt requires data recording at a relatively high temperature.
along the three major crystallographic directions. The splitting pattern esHence, point-defect levels near midgap will typically not be
tablishes the effectivéi.e., thermally averaggdrthorhombic-1(C,,) sym-  accessible to the technique because thermal averaging may
metry of (¢f. Fig. 30. render the apparent symmetry isotropic irrespective of the
underlying static symmetry.

lent example of the potential of high-resolution uniaxial- Relaxation effectsSome defects are known to undergo
stress DLTS to obtain unique microscopic information oncharge-state controlled relaxations. The simplest conse-
diffusion processes. quence of this is the appearance of barriers in the capture

Thermal averaging of defect symmetye showed ear- cross section entering in the preexponential factor of the
lier [Eq. (13)] how under certain conditions rapid thermal emission rate as recorded by DLTS. In a standard level split-
ionic jumps(defect reconfigurationsnay result in an appar- ting experiment the stress dependence of these barriers can-
ent increase of the symmetry of a defect when determined bgot be distinguished from those of the level energy. We con-
DLTS and revisited the problem briefly in our discussion ofjecture that one may attempt to disregard the possible
the piezospectroscopic analysis of M@H center. We shall influence of stress on the data analysis when no barrier in the
now consider the/OH example in further detail. Figure 35 capture cross section is found at zero stress. Then in the
depicts the Laplace spectra ®OH(-/0) taken from Ref. linear approximation the effect should be small as argued in
130. The splitting pattern establishes the effectivethe general remarks of Sec. IV B 5. The test of this would be
orthorhombick(C,,) symmetry. However, the real symmetry to measure the capture cross section dire@ty, by chang-
is monoclinict(C,;,) as concluded from EPR measurementsing the filling pulse width as a function of stress and/or to
by Johannesen, Bech Nielsen, and Byb@Rgf. 13). From  check the internal consistency of data from level splitting
motional narrowing they also revealed tig,— C,, conver-  and alignment. One should also be on the alert when signifi-
sion resulting from thermally activated jumps between thecant deviations from a linear stress response are observed.

Laplace DLTS amplitude (arb. units)

1 I T T LA I T
10 100
Emission rate (s'l)

—64
da,db,dc

_ -+10 ba, da
VOH ab, ad be, de
cb, c¢d
Pli[111] Pj[110]
% -69
¢, ad, be, bd b, =3¢, be &

FIG. 36. Reproduced from Coutintet al. (Ref. 130. Theoretical values for the various energy minima under stress for VOH ass@yjrsymmetry. The

labeling scheme for the 12 different orientations in a cubic crystal is indicate.ikach orientation is labeled by an ordered letter pair denoting the site of

H and the Si dangling bond and labels with bars represent doubly degenerate configuratibpgcinand(d) schematic configuration coordinate diagrams

for compressive stress of 1 GPa along the major crystal axes are given with energy shifts in meV. The averaging by reorientation is indicated by arrows.
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Divacancy in silicon V,,(2-/-)  T=140K analysis discussed in Sec. IV D 2. Here we focus on the
unique feature that th€100) branches with the applied stress
perpendicular to the elongated Si-Si bojsde Fig. 3(n)]
J <111> at 0.4GPa display a very strong bending at low stress whereas reason-
able linear dependencies are found for the other stress direc-
A A <110> at 0.3GPa

tion and orientations of th€O defect. We can exclude that

the bending reflects a genuine nonlinearity in the stress-

/\ induced level splitting. This follows from the consistency of
<100> at 0.4GPa

the stress derivatives measured at low stress by alignment
and at high stress by level splitting. Hence, we can maintain

the first-order linear stress analysis as far as the energy shifts
are concerned. Yao, Mou, and dﬁ‘? found that also the

Laplace DLTS amplitude (arb.units)

0GP o
—T T e = capture rate depends strongly @0 stress, in this case for
100 11000 both orientations of the center. This strongly suggests that the
Emission rate (s ') explanation of the bending could be a property of the preex-

_ ponential factor. At present we cannot rule out that the bend-
FIG. 37. Laplace DLTS spectra of thé(——/-) level taken without stress . Id It f i t l ity at |
and with stress applied along the three major crystallographic directiond9 could result from a peculiar S ror]g noniinearity a _OW.
(Ref. 136. The(110 spitting is larger than thé111) splitting indicating an ~ stress of the capture cross section itself. However, this is
anomaly in the otherwise trigonal pattern. obviously not very likely since the physics behind it has to
single out a unique nonlinearity at low stress for just one
This point will be addressed in more detail in the following stress direction and one defect orientation.
section but first we will consider the double-acceptor emis-  Alternatively we may seek the explanation in the stress
sion V(-=/-) of the divacancy. splitting of the conduction-band ed¢see, e.g., Ref. §2The
According to Watkins and _Corbéff‘ the symmetry of  general formula9) indicates how the bending could arise
the V; center is reduced from trigonBlzq to C, monoclinic  from the splitting of the conduction band if the terms in
when Fhe odd electron is gained to form the |_f1egat|ve chargg]lal(P)ml*(P) and 7720-2(P)m2*(P) are different, but not
state, i.e., from the symmetry of two empty sites surroundeq,ecessarily stress dependent. For the conduction band of sili-
by six_substitutional "’.‘to.”‘.s.m a symmetry with a MITOT -on the first term withn,=1 refers to the band minimum
plane parallel to the axis joining two empty sites. The dnvmgIabeled according to thie, valley and the second term with
force for this symmetry lowering is the Jahn-Teller effect. In —2 ref hek (K I . hich q
contrast to this it would appear that tbg, should be main- 7,=2 refers to the(k,) va €y minima whic St?‘y egener
ate for any of the stress directions indicated in Fig. 30. In-

tained in theV, ~ charge state because no Jahn-Teller driving pection of Eq(14) shows that the lifting of the conduction-

force is present in this case. Hence, the possibility exists th% d d il indeed bendi
the V,(——/-) emission should be accompanied by an instan- an egeneracy will indeed generate a bending

taneous Jahn-Teller relaxation which should manifest itselphenomenon at low stress not violating the concept of linear

in the uniaxial-stress split pattern. stress response. oo x .
Figure 37(from Dobaczewsket al!*%) indicates a trigo- However, whero,(P)m, (P)=05(P)m, (P) the bending

nal symmetry just by counting the number of component@ﬁec" for a given stress direction will be rather small and
and noticing the relative intensities of the split emissionidentical for each of the two nonequivalent defect orienta-
lines. However for a true trigonal-to-trigonal transition the tions. Nowm, (0)=m, (0) for the conduction band and we
splitting under(111) stress should be 4/3 times larger thanmay further assume that differektvalleys displace rigidly

the splitting undeK110) stress, which is in obvious contra- under low stress. Hence, to explain the bending we may con-
diction to the experimental emission spectra. The detailedecture that capture into anisotropic centers may depend sig-
analysis of Ref. 136 shows that the data can be Consistent@ificanﬂy on the orientation of the center relative to the cubic
analyzed under the assumption that the center undergoes ta¥es of the host material. This would imply thai(P) differs
relaxationDg4— C,, in the ionization process. In this sense from o,(P) and we may attempt an analysis neglecting pos-
the V, case is unique as the only example we know of wheresible minor direct stress dependencies of these cross-
a symmetry lowering in a thermal emission process has beesections. Obviously, in accordance with experiment, within

observed directly. this scheme there should be no bending(fidrl) stress since

the conduction band stays degenerate. In contrast, the strong
4. Uniaxial stress and the preexponential factor: bending at low stress in thel00) case arises because here
The VO center the conduction band splits the largest amount. In fact a quan-

Figure 31 taken from Ref. 88 depicts the stress depentitative analysis witho,(0) ~8c(0) and the known splitting
dence of the Laplace DLTS peak shifts denoted as an ener@f the conduction band reproduces the bending of both
shift assumed to be proportional to the terikgT  branches surprisingly well. However, a detailed confirmation
X In[e,(P)/e,(0)], wheree, is the peak frequency at a given and analysis should await stress measurements in progress
stress andr is the measurement temperature. The slopes dbr quantitative correlations of capture rates and energy
high stress are the data entering in the piezospectroscopathifts.
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V. ALLOY EFFECTS
Al Ga, As: DX(Si) T=205K

Point defects in semiconductor alloys are not in unique
environments. The random distribution of the alloy constitu-
ents causes the chemical nature of individual atomic bonds to
vary, hence for a defect of a particular type the bond lengths
and relaxation of the atoms around a defect differ throughout
the alloy. The defect electronic wave functions are localized
on the scale of a few bond lengths and are therefore sensitive
to the details of the atomic configuration only in the close
vicinity of the defect. This lack of the uniqueness of the bond
chemistry, length, and angléattice relaxation has the con-
sequence that a deep-center energy level, upon alloying,
tends to split into a manifold of components, i.e., to exhibit = "";'0 L
fm_e structure in th.e ionization process. _The interpretation of Emission rate ()
this fine structure in terms of spatial splitting of total-energy
levels is far from straightforward because, in general, botlFIG. 38. The Laplace DLTS specta of D) in Al,Gay_,As for x=0.20 and
initial and final states of the process are alloy sensitive. How*=0.76.
ever, as long as the alloy is macroscopically homogeneous it
may be assumed, that the observation of fine struatore

x=0.20

Laplace DLTS amplitude (arb.units)

x=0.76

second- or first-nearest neighborhood, respectively. A similar

line _broad_enmg n the |on|zat|(_)n spectra of defects 'S @ effect is observed for non equivalent interstitial sites of the
manifestation of spatial fluctuations in the alloy composmonZinC blend unit cell

on the microscopic scale rather than variations in bulk band- . . .
P The silicon atom acting as a donor in,8la_,As re-

gap parameters. This is because the alloy fluctuations arq , .
well averaged for the final state of the carrier in the bandP'aces the Group Il element so that the first-nearest neighbor
§ites are four arsenic atoms. The alloying occurs in the

Therefore, when the fine structure of the thermal spectrum i ) .
to be interpreted in terms of “alloy splitting” of the bound- second-nearest shell where there are 12 gallium or aluminum

state total energy, the effective radius of the bound carrieftoms- If the DX state had been formed by the silicon atom
may be regarded as the crucial parameter. in the substitutional position then the alloy-split DX state

The alloy splitting, when properly quantified, can be anshould have consisted of up to 13 components. The Laplace
important source of information as far as the microscopid®LTS spectra of DXSi) have been studied in a very wide
structure of a defect is concerned and can also reflect the wagnge of alloy composition**** (x=0.20-0.76 and two
in which a defect in the crystal is created. In this chaptelextreme cases are presented in Fig. 38. For all alloy compo-
three different cases of the effect of crystal alloying on thesitions investigated the pattern of peaks always related to DX
defect properties are presented. (Si) as it consisted of three peaks. The shift on the frequency
scale between the spectra in Fig. 38 reflects the variation of
the so-called DX centers in ternary alloys of @by As the band_ gap Wi_th the aIIt_)y comppsition and the pattern can
reflecting the fact that in this case the properties of th be e?(plalned using the mlcrosgopéc model of the mechanism

qeadlng to the DX state formation’

emission barrier originates predominantly from the large it has b b d . v that th f
lattice relaxation evidenced for these defects. t has been observed experimentally that the energy o

(2) The alloy structure observed for the substitutional atomdh€ DX level as measured from the bottom of the conduction
of gold and platinum in SiGe elemental alloy showing band is several times smaller than the activation energy of

that these atoms prefer to site in the more germaniumt—he thermal emission process observed in the DLTS experi-
rich regions of the alloy as a result of the kick-out Ments(see Ref. 140, and references therein for more dgtails
mechanism governing their in-diffusion. Consequently, the level position is predominantly a result of
(3) The structure of implanted interstitial hydrogen atoms inthe lattice relaxation, which also is responsible for the meta-
the SiGe alloy shows that the affinity of hydrogen to- stability phenomena observed for the defects. The micro-
wards germanium becomes extremely strong as a resuscopic model of the DX state is based on the fact that the DX
of microscopic strain fluctuations in the alloy. (Si) state is formed when the silicon atom breaks one of the
bonds with arsenic and moves to the interstitial posifeee
configuration of DX in Fig. 3@g)]. This site of silicon be-
comes stable when the defect binds two electrons. Then
when these electrons are emitted and the defect is ionized the
The effect of the alloy splitting for the DX stafééhas  silicon returns to the substitutional sitéhe d* configura-
been studied for the ternary random alloys of@4,_As. In tion). In this model the emission barrier is essentially the
this case the alloying occurs only in the Group Il sites, i.e.,energy necessary for silicon to push aside three arsenic at-
in every second shell of atoms surrounding a given atomi®ms in order to return from the interstitial to the substitu-
site. Thus for the substitutional site on the Group Il ortional position. This energy should be rather insensitive to
Group V sublattice the closest mixed atom shell is in thethe alloying effect present only in the second-nearest neigh-

(1) The structure observed in the Laplace DLTS spectra fo

A. llI-V alloys: The DX centers in AlGaAs
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FIG. 40. The calculated concentrations of the DX state with the spatial
degeneracy equal to one, two, three, and {&ef. 139. The bars mark the
alloy compositions for which the spectra in Fig. 38 are shown. From an
intersect of a bar with a given line one can foresee an amplitude of a peak on
the spectra shown in Fig. 38.

FIG. 39. The model of the DX state in the negat{ii®X) and positive(d®)
charge state for the silicon donor in AlGaAa), and tellurium in AlGaAs
(b), and in GaAsP according to Ref. 140.

borhood and this seems to be the reason why the pattern of
peaks observed for the ORi) state does not depend on the The situation is different for the tellurium donor in
alloy composition. AlL,Ga _As. Here Te replaces the Group V element, thus the
As far as the fine structure is concerned, the silicon atonGroup Ill sublattice instability leading to the DX state for-
has one out of four bonds to break. The number of aluminunmation means that one of the Group Il elements neighboring
atoms found opposite this bond decides which of them igellurium breaks the bond and moves to the interstitial posi-
preferred and it is assumed that the silicon atom prefers ttion [Fig. 39b)]. However, because in this case the bond-
move towards the aluminum-rich site. The lifting of spatial breaking element can be either a gallium or aluminum atom
degeneracy by bond breaking may be explained by the folthere should be more components seen in the Laplace DLTS
lowing example. If for a given silicon atom the most spectra for DXTe) than for DX(Si). This has been con-
aluminum-rich direction contains two aluminum atoms op-firmed experimentally. The spectra observed for(D& do
posite to a Si-As bond and if the same number of aluminuntontain more componentd=ig. 41(a)] and, moreover, the
atoms are found also opposite another Si-As bond then th&rrhenius analysis performed shows that peaks form two
bond-breaking process will be twofold spatially degenerategroups differing in activation energy. Furthermore, the rela-
A detailed Arrhenius analysis showed that for the given alloytive concentrations of these groups vary with alloy composi-
composition the activation energies of the three (BiX tion. From these observations it has been concluded that one
peaks are exactly the same. It is conjectured then that thgroup represents the DX formation process when the alumi-
peak triplet represent defects with a different spatial degenarum atom moves to the interstitial position whereas the other
eracy of the bond-breaking process and with some differencgroup corresponds to the gallium atom participating in the
in the electron capture cross section. The extreme right-hangrocesgsee Refs. 138 and 139 for more detgils
peak represents a degeneracy of 1, the middle peak 2, etc.  Finally, the Laplace DLTS spectra have been observed
For a random distribution of the gallium and aluminum for DX(Te) in GaAs .35 [Fig. 41(b)]. In this case the
atoms among the Group Il sites in the crystal one can calalloying occurs for the Group V element sublattice, and de-
culate for any alloy composition the probability of finding spite this the substitutional-interstitial instability occurs only
the DX(Si) state of a given spatial degeneracy. The result ofor a gallium atom. The emission barrier is formed by differ-
such a simulation is shown in Fig. 40. It is seen that in theent combinations of arsenic and phosphorus atfses Fig.
0.20-0.76 composition range the probability of finding the39(c) for details of the modél Consequently, one can expect
degeneracy equal to 4 is low so basically only three peaksp to four different emission barriers overlaid with spatial
are expected. The gray bars mark the alloy compositions alegeneracy effects which creates a very complex system.
the spectra shown in Fig. 38. The intersection of the bar wititHence the spectrum of DXTe) in GaAg o35 iS very
the line represents the relative amplitude of the peak for théroad and becomes difficult to disentangle. Nevertheless four
given alloy composition. The ratios between the experimenfeatures can be seen which is a result in agreement with the
tal peak amplitudes are almost exactly the same as thossicroscopic model of the DX formation process.
derived from the diagram. Note that fa=0.76 the degen- To summarize, the case of the alloy effects for the DX
eracy equal to 2 is expected to be the most abundant and thisate in the ternary alloys has turned out to be very difficult
is indeed observed experimentally as depicted in Fig. 380 interpret. First, there were controversies concerning the
where for this alloy composition the middle peak in the spec-identification of the effect. A substantial ambiguity has been
trum is the highest one. caused by the fact that silicon in MBE grown layers of
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FIG. 42. The Laplace DLTS spectra of gold-diffused samples having differ-
ent germanium content. For each of the spectra the main lines have been
aligned and normalized to the spectrum for the 5% sar(fpéd. 59.

LELAALLLL DAL ALY 1. Indiffused Au and Pt, the alloy splitting effect
1 10 100 1000 10000 and siting preference

. -1
E t . .
mission rate (s ) Using the platinum and gold acceptor states as probes

FIG. 41. The Laplace DLTS spectra of DXe) in (a) Al,Ga_As for x Laplace DLTS spectra obtained for dilute SiGe alﬁ?ﬁl
=0.35, and in(b) GaAs P, for x=0.35. indeed display a fine structure that can be quantified in terms
of alloy splitting. The Au and Pt defects have been studied

AlGaAs h tend ¢ | te wh e reviously in great detail for the case of pure(Befs. 142
s has a tendency 1o agglomerate when a sample 1S n tnd 143 and some conventional DLTS results are available

grown in optimal conditions. Consequently, several reports, s for SiGe aIonéfM'l“sThe samples used in the reviewed
on the alloy structure have been misconceit®ee Ref. 139 | b 15 studies have been grown by molecular-beam epitaxy
for more details Secondly, the spatial fine structure as Ob‘(MBE) with alloy compositions of the 4m thick active
served by Laplace DLTS involves very strong lattice relax-gj _ Ge, layers of 0, 0.5, 1, 2, or 5 at. % with composition-
ation effects, which depend strongly on the specific donogjly graded buffer layers inserted between the active layer
atom and the alloy. The DX center is far from the ideal caseand the substrate in order to accommodate lattice mismatch
of an impurity atom sitting stably in a substitutional position strain and reduce the number of misfit dislocaticsese Ref.

in an alloy, where the alloy composition modifies the elec-57 for details of the growth procedyrerhe dopant metals
tronic characteristics. A much simpler case of alloying ef-(either Pt or Ay were diffused into the layers at 800°C for
fects is presented in the following section. 24 h.

Figures 42 and 43 show LDLTS spectra for the gold and
platinum acceptors in the SiGe alloys with 0-5% of Ge,
respectively. The spectra have been normalized in terms of
the magnitude and emission rate to the line on the left-hand

B. Alloys of SiGe side of the diagram. This enables a direct comparison to be

In contrast to the case of the binary alloys, when Si anc{pade between the various samples. See Ref. 59 for explana-

. . . ._tion of the normalization procedure.
Ge are mixed to form a SiGe alloy the alloying occurs in When the germanium content in the crystal increases
every shell of atoms around a defect. Hence, even with onl)édd

: > itional features in the Pt-and Au-related Laplace DLTS
short-range interaction involved, one can expect that morgpectra appear on the high-frequency side of the main line.

than one shell of atoms influence the level splitting. Considjear trends are seen for both impurities which can be asso-
ering that both first- and second-shell interactions may be ofjaieq with different local configurations of the alloy in the

importance in the elemental alloy the application of LDLTS yjcinity of the metal atom. Figure 44 shows a schematic flat
has enabled a unique detailed mapping of environmental eBiagram of the random allogfor 5% of G@ in the first- and
fects on substitution type deep centers in dilute SiGe. Théhe second-nearest neighborhood of the defect. The light-
alloy splittings originating from the first and second atomicgray bar diagram represents probabilities of finding the alloy
shell surrounding the impurity are inequivalent. Conse-configuration having 0, 1, or 2 out of four germanium atoms
quently, investigations of the alloy splitting in binary alloys (assigned here as 0Ge, 1Ge, and 2Ge, respedtiirelthe

can be extremely informative provided the experimentalfirst shell of atoms. When the second shell is taken into ac-
technique offers sufficient resolution to discern the featuregount these lines split into subsets, which are depicted by
originating these shells. dark-gray bars. The lines in these split sets are marked by
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Emission rate (5-1) FIG. 44. Flat diagram of the SiGe alloy showing two shells of atoms sur-

rounding the metal impurity. The light gray bar show probabilities of finding
FIG. 43. Laplace DLTS spectra of platinum-diffused samples having differ-a given number of germanium atoms in the first-nearest neighborhood of the
ent germanium content. For each of the spectra the main lines have bednetal for the random alloy having 5% of germanium. Those lines split into
aligned and normalized to the spectrum for the 5% sar(ipid. 59. subsetgdark gray bargif one assumes that the second-nearest neighbor-
hood plays a role. The component assignment correspond to the ones used in
two previous figuregRef. 59.

figures with subscripts which refer to the number of germa-
nium atoms in the first and second neighborhood, respec- While the positions of the peaks on the emission-rate

tively. — . o .
. . . scale indicate how the alloying modifies the electronic prop-
For the case of gold a comparison of diagrams with the ying brop

) ._erties of the defect, the relative amplitudes of the peaks pro-
spectra for the corresponding alloy leads to the conclusmgide data, which can be interpreted in terms of the concen-
that the spectral structure is a manifestation of the alloyi ’

. . - 27777 Stration of a particular local configuration. These amplitudes,
where only the role of the first-nearest neighbors is visible P g P

| his. the infl ¢ both the fi q hen compared to a model of a perfectly random alloy, dem-
n pontrast to this, the influence of both the !rst and SeconQ,sirate deviations from a random distribution of the metal
neighbors can be seen for the case of platinum. The peg

; A ) _ purities in the SiGe lattic&’ The general trend is the rela-
assignments in Figs. 42 and 43 and in the diagram are t e amplitudes of the satellite peaks are somewhat larger

sam_e_. Similar bar diagrams constructed for other alloy C_Omfhan expected for a random alf8v*Land these results indi-
positions Gec5% also reproduce the spectral trends fairly 510 that during diffusion at 800°C both metal atoms prefer
well. For the compositions 5% Ge<25% the thermal 4 ocoypy sites in the lattice next to germanium. For the case

emission becomes less well defined with many contributingy 0|4 the inferred relative concentration of the 1 Ge con-
features, which makes the numerical procedures for the Cahguration is approximately twice as big as would be ex-

culations of the Laplace DLTS spectra unstable and inconpected for a random siting. The site preference has been

clusive as discussed in Sec. II. _ o translated’ to an estimate of the enthalpy difference between
The spectra for the gold acceptor depicted in Fig. _42the 0Ge and 1Ge configurations ofAH, "
clearly show that the main 0Ge line broadens with the in-— KT(@800°QIn(2)=60 meV. However for the case of
crease of the alloy composition but never splits into compopjatinum the overpopulation of the germanium-rich sites is
nents as observed for the case of platinum. In order to Unseen clearly only for the second-nearest neighbor configura-
derstand this one should remember that the energy resolutiqn. For larger alloy compositions the Laplace DLTS peaks
of the Laplace DLTS technique is almost inversely propor-are not well separated and consequently, although a general
tional to the temperature at which the spectrum is tafeen trend is seen, it has not been possible to obtain quantitative
contrast to conventional DLTS where instrumental broadenregylts.
ing dominatey This means that the platinum spectrgmea- The overpopulation of sites close to germanium may be
sured at around 100 Khas been obtained with a factor of related to details of the microscopic mechanism of the diffu-
2.5 higher emission-rate resolution than the gold spectrurgion of impurity metals in silicon. It is well established that
(measured at around 250)KHence the additional splitting Au and Pt diffuse by a kick-out process. The driving force
of the 0Ge line revealed in the platinum case is a result ofor the accumulation of substitutional Au or Pt is the removal
much better experimental conditions. It can be concludedof the self-interstitial atoms by sinks. It is conceivable that
however, that in both cases the alloy splitting of the energythe kick-out accumulation proceeds more easily for silicon
level caused by a replacement of one silicon atom among thghan for the larger germanium atom. Moreover, it would be
first-nearest neighbors the impurity is around 35 m@¥e expected that due to elastic interactions it is harder to create
Ref. 59 for details For the case of platinum the similar the pseudo-self-interstitial centé germanium atom in the
replacement in the second-nearest neighborhood results insdlicon hosj than the self-interstitial defe¢a silicon atom in
change in the level energy by 10 meV. the silicon host On the other hand, it is easier for germa-
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nium to break the longer and softer Ge-Si bonds during the
creation of the pseudo-self interstitial defect, than it is for the
corresponding process involving only silicon atoms. The in-
terplay of these competing energy terms during diffusion
would then result in a preference for the metal atoms to
reside on Si-substitutional sites close to Ge.

T=86K
SiGe He

Si H

2. Bond-centered hydrogen: Trapping in local strain

It has been shown that slightly modified and thermally E3'(Ge)

stabilized versions of bond-centéBC) hydrogen can form
in the vicinity of grown-in impurities in silicon such as oxy-
gen and carboft"*?**?*This tendency of hydrogen to be-
come trapped in local strain fields of the crystal with only
minor changes in the electrical properties as compared to the
BC structure appears to be a rather general feature. The 1 10 100 1000 10000
strain causes elongation of some Si-Si botatsd compres- Emission rate (s
sion of othergwith the consequence that hydrogen atoms are
most easily incorporated in the elongated bonds. A dilut&!G. 45. Laplace _DLTS spectrum measuriedsitu} after implantation of
SiGe alloy forms a system in which randomiy distrbuted BEPSED 8% o e crcuted Sently doces e omishe
internal strain is imposed on the Si lattice in order to acCOM=on with analogously H-implanted Si and He-implanted SiGe establish that
modate the incorporation of Ge atoms. This strain can play &3’ (Ge) originates from a hydrogen defect associated with germanium. The
role similar to that of the local strain in elemental silicon overlaid SiGe spectrum is obtained with Cz matefl3%Ge and has
introduced by a carbon o an oxygen impurity. The resulih 2" "Taizeq o Eonaof e P2 matera The sl seteltes of e
for elemental Si indicate that the elongation of some of thei4g).
Si-Si bonds in the neighborhood of interstitial oxygen or
carbon aids the outward relaxation that hydrogen needs to
enter the BC-site, and therefore promotes the incorporatiofeveal the center known as Ei the literaturé*” which has
of hydrogen into these strained bonds. In this section wd€en ascribed previously to hydrogen at the regular bond-
review a LDLTS StUd§/46 that has demonstrated this promo- center sitel.18’121Apart from a shift in emission rate due to
tion effect for the case of the SiGe alloy and lead to characfield dependence an identical reference spectrum was taken
terization of a Ge-strained bond-center defect, which is geowith Si grown in the same reactor as the alloy sample. As
metrically analogous to the C-strained bond-center defecfiepicted, the E3signal is present also in the spectra from
(C-H), described in Ref. 47 and mentioned previously in thisthe proton-implanted SiGe together with a satellite signal
paper. denoted E3Ge). The reference spectrum obtained with a
The results presented in Ref. 146 were obtained orpiGe sample implanted with helium shows no trace of the
samples cut and polished from a float-zof#) Si,_,Ge, E3' signals but does reveal the A-center sigidD) also
phosphorus doped bulk crystal with the Ge fractisn Seen in the hydrogen-implanted samples. This demonstrates
=0.008 measured by secondary ion mass spectroscopy fuihat both SiGe signals are indeed hydrogen related. Together
nished with Schottky diodes and on samples prepared frorihey account for the majority=70%) of the implanted pro-
as-grown Czochralski $i,Geg, with x=0.013. As reference tons and in accordance with previous results for pure
samples diodes made on 100cm FZ, 50Q cm Czochral-  silicon'”"'?*the remaining implants are most likely hidden
ski grown (Cz), and carbon-rich 2@ cm FZ silicon inthe form of negatively charged hydrogen at the tetrahedral
(C-F2) were used. The diode structures were implanted withTl' sites. The EAGe) signal is about a factor 12.5 stronger
protons(or helium ions to provide control sampjest a tem-  than expected for a pure statistical population of Si-H-Si
perature of 60 K with the peak of the implants close to thebond-center sites next to the Ge atoms of the alloy. The same
edge of the reverse-bias depletion width in order to minimizeoverpopulation factor is obtained with the Cz sample con-
the electric field at the sites of the implants. taining 1.3% Gesee the dashed overlay in Fig.)4Buring
Figure 45 reproduced from Ref. 146 depicts the Laplacennealing both E3centers convertfor the carbon rich and
DLTS spectra obtaineth situ at 86 K after implanting hy- oxygen lean material usgdo a carbon-related bond-center
drogen at 60 K into short-circuited diodes at a dose ofdefect Si-H-C identical to théC-H), center mentioned ear-
~10° cm2. Prior to the implantation no signal is present in lier in this paper.
the displayed emission-rate range. The spectrum for the We summarize the interpretation and conclusions of Ref.
FZ SiGe alloy is compared to a spectrum obtained for a ref146, which we refer to for further details. The EGe) cen-
erence diode made from a commercial FZ Si wafer materialer is interpreted as a Si-H-Si bond-center defect sited next to
implanted at the same temperature and measured so that the alloy Ge atom and a configuration diagram for this Ge
electric field at the implantation range is about the same iperturbed bond-center structure is constructed. This con-
the two cases. No significant peaks other than those showstruction relies upon the comparison of annealing-,
appear in the emission-rate range 0.05<B>” s™* between emission-, and formation rates or the 'Eghd E3(Ge) cen-
60 and 87 K. The reference spectra from the silicon sampleters. It is particularly interesting to notice the sizable over-

E3'

Laplace DLTS amplitude (arb. units)
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population, which demonstrates that ultra fast migration of  An important attribute of the Laplace technique is that it
the implants occurs in the final stage of thermalization ands absolutely quantitative and so, in this way, the population
allows hydrogen to become trapped near Ge. The result thaff an impurity with specific nearest-neighbour configurations
the Si-H-C defect and not the analog Si-H-Ge defect formsan be measured and compared with the statistically ex-
during annealing shows that the latter defect is less stable grected distribution. In the SiGe: Au case there are significant
nonexistent. The configuration potentials of the Ge-strainediifferences between the measured and expected values indi-
structure are remarkably close to those of isolated hydrogegating that gold has a strong preference for a Ge rich envi-
in elemental silicon. This indicates that hydrogen migrationronment. Using these data it is possible to determine the
is only moderately affected by dilute alloying with germa- enthalpy difference between 0 and 1 Ge configurations. If
nium, consistent with the additional result that hydrogen in-the case of platinum in SiGe is considered the binding energy
teracts with carbon impurities during migration in much theof the electron is smaller than that for gold and so measure-
same way as in elemental silicon. During this migration atment can be conducted at lower temperatures. In this case it
low temperature a carbon analog to Ge-perturbed bonds possible not only to see the effect of replacing silicon by
center hydrogen forms. In the sequence Ge, Si, C the varigzermanium in the first-nearest-neighbour shell but also in the
tion of the Group IV element at the neighbor site of the Sisecond-nearest neighbour. The difference for the first-nearest
-H-Si bond center causes the donor level to deepen and theeighbour is as in the gold case 35 meV, whereas replace-
stability of the defectin its neutral charge statéo increase. ment of the second-nearest neighbour is 10 meV. The ability
to quantify these issues and to perform spatial profhesnce
determining the impact of the proximity of surfaces and in-
terfaces on sitingprovides a unique tool for device research

Under ideal experimental conditions Laplace DLTS pro-and process engineering. As this is a relatively simple mea-
vides an order of magnitude higher energy resolution thagurement we envisage its wide application to defect and im-
conventional DLTS techniques. A prime requirement forpurity studies over the next decade.
achieving this resolution in an excellent signal-to-noise ratio. ~However, perhaps the most dramatic demonstration of
In practice this limits the application of the measurement tdhe techniques power is when it is used in conjunction with
cases where a significant concentration of the defect igniaxial stress. Examples have been given in this paper
present in the semiconductor. The ideal case is that where tivhere the symmetry of defects can be determined from the
defect to be studied has a concentration of between 5plitting patterns and the magnitudes of the various compo-
X 107 and 5x 1072 of the shallow donor or acceptor con- nents. This is a much more complex and tedious measure-
centration. However given these limitations, Laplace DLTSment compared to the examples discussed above and neces-
enables a range of measurements to be undertaken which aigates the preparation of sample sets of different
not practicable in any other system. In this paper we haverientations. The classic study which we discussed at length
discussed several cases that illustrate such applications ot this paper is that of the vacancy-oxygen pair in silicon.
Laplace DLTS. This is a very good starting point for such measurements

Perhaps the most obvious is the separation of defectgecause it has been extensively studied by EPR and the char-
which have very similar carrier emission rates. A good ex-acteristics of the defect are well known. However, a very
ample of this is the separation of the gold acceptor and thsignificant difference is that the Laplace DLTS measurement
acceptor level of the hydrogen-gold complex in siliconcan be performed in extremely thin regions of the semicon-
known as G4. In conventional DLTS a combination of theseductor, such as a shallow ion implantation where it would be
two states appears as a single peak near room temperaturery difficult or perhaps even impossible to undertake such
with undetectable broadening. Using Laplace DLTS at simi-as study by other techniques.
lar temperatures the emission from the two states is clearly In some cases the defect reorientates itself under the ap-
separated with a difference of 16 meV. This example showslication of uniaxial stress. If this occurs at the measurement
very clearly that even at room temperature the thermatemperature the interpretation of the results is fraught with
broadening is insignificant compared to the instrumentadifficulty but, in the case oO reorientation, this occurs
broadening of conventional DLTS. conveniently someway above the measurement temperature

Laplace DLTS removes the instrumental broadeningout in an easily accessible temperature range. In this way the
completely and hence line broadening in LDLTS is a mea+eorientation of the defect can be observed by cycling the
sure of electronic or physical processes in the semiconductasample rapidly between the reorientation and the measure-
In consequence LDLTS provides a much more incisive probeénent temperature. This has been done previoushyvfrin
into the physics of defects than is possible with the conventhe negative charged state using EPR and the Laplace DLTS
tional technique. An example of this is the study of impuri- results agree quite precisely. However, it is only possible to
ties in binary alloys. By examining gold in silicon germa- study the negativgparamagneticcharged state using EPR.
nium with Laplace DLTS it is possible to distinguish the In general Laplace DLTS can also be used to study states
electron emission from a gold acceptor surrounded by fouwith no magnetic activity and it has been found that the
silicon atoms from a gold atom surrounded by three silicongeorientation of the neutral state is about two orders of mag-
and a germanium atom. The energy difference in the electronitude faster than the negative state.
binding is 35 meV. If another silicon atom is replaced by This technique has very considerable potential in the
germanium a similar energy difference is noted. general case in providing information about the migration

VI. SUMMARY AND OUTLOOK
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