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Capacitance-transient-spectroscopy model for defects with two charge states
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We formulate the set of coupled differential equations that govern the charge capture and emission process
of deep levels that present two possible charge states. This solution is obtained considering the steady-state
conditions imposed by DLT$deep level transient spectroscopgchnique procedure. We distinguish three
types of defects according to the predominance of one of the three different emission processes. Using our
model, we reproduce DLTS spectra of doubly charged defects observed in different semiconductors such as
p-type CdTe, electron and proton irradiatedype GaAs, and sulfur-doped GaSb. Thermal barriers for carrier
capture are easily introduced in our equations permitting one to reproduce experimental data even in the case
of large lattice relaxation. We show that without a further analysis within the framework of our model, some
DLTS spectra of defects with two states of charge might be misinterpreted as is the caselfot ¢eater in
GaSh:S[S0163-182107)01615-9

I. INTRODUCTION general description of the spectra related to defects with two
charge states and it permits one to understand some charac-
The presence of deep levels can strongly influence théeristics of this spectra that remained open, or not reasonably
charge carrier transport and lifetime in semiconductors. Fogxplained in the literature.
this reason several techniques were developed to study it. In Sec. Il, we present a review of the model. We derive
One of the most powerful and well established of these techeXpressions for the occupation fraction of the defect at each
niques is deep level transient spectroscgpy.TS).! It is of both charge states. A detailed discussion of the conse-
based on the variation of the capacitance of a Schottky juncduences of these expressions to the DLTS spectra is given.
tion as a measure of the number of charges trapped within itsinally, we show that the total DLTS signal originates from
space charge region. DLTS provides important defects chathree different emission processes. In Sec. Ill, we classify
acteristics such as the defect concentration, energy leve?nd exemplify the deep levels according to the relative pre-
thermal capture cross section, and emission cross sectiorfiominance of one of those three processes. With the help of
The behavior of the DLTS line amplitude as a function of thecomputer simulation, reported DLTS spectra are reproduced,
filling pulse time can provide additional information on the demonstrating good agreement between theoretically pre-
defect geometry, distinguishing pointlike from extended de-dicted and experimentally determined spectra. The work is
fects. summarized in Sec. IV.
The standard DLTS procedure for a pointlike defect as-
sumes that the capacitance transient associated to the elec- Il. MODEL
tron emission obeys an exponential decay law. Therefore, '
multiply charged defects provide DLTS spectra that are dif- In a previous papetwe presented a model to describe the
ficult to correctly interpret. These difficulties arise from the DLTS line behavior of a defect that can capture and emit two
many-step kinetic capture of these traps and of their nonexelectrons. It was applied to explaining the unusual depen-
ponential emissions. The problem becomes even more conadlence of the DLTS line amplitudes with the filling pulse
plicated if one of the defect charge state is metastable dength observed in HgCd, ;Te submitted to ion implanta-
strongly coupled to the lattice. Hence, large lattice relaxatiortion. The model assumes that each charge state of the defect
(LLR) and thermal barriers for carrier capture have to beappears as a distinct configuration in a DLTS measurement,
taken into account in any satisfactory description of spectran the sense that these states of charge have their own capture
related to these deep level defects. cross sections and activation energies. We are not concerned
There are many reports in scientific literature of DLTS about how these parameters change after an electron capture
measurements of traps with two states of charge and whichut only with the fact that they are not a function of the trap
present strong coupling to the lattice. They were observedyccupation fraction. This last assumption precisely character-
for example, in Sf InP*® CdTe/ Hg,Cd,_,Te®® izes the trap as a pointlike defédt.
CdMn,_,Tel® GaAs®*~1® Gash!’-?123 Al,Ga _,As,?2?! In a DLTS measurement, the traps are filled during a
GaAs,_,P?* and ZnCd,_,Te? Most of them present an pulse timet, and emptied during a relaxation tinhe These
incomplete interpretation of their DLTS results due to theprocesses occur alternately at a frequeric—\y(tpﬂi)’l
incompleteness of the model used. when forward or reverse bias are applied to the Schottky
It is the purpose of this paper to analyze the behavior otontact.
such defects under DLTS measurement conditions, discuss- During the filling period of duratiort, (indicated by },
ing the reported experimental results in view of a model wethe trap can capture one or two electrons according to the
have previously propos€dThe model is found to provide a reactions
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in which c, andcg are the capture rates for the first and the
second electrons, respectively. If the rates of change of the defect charge state are fast

We shall henceforth call the state of cha@ Y stateA ~ compared with the heating rate of the sample, the steady
and the state of charg®"~? stateB. state is attained and the occupation fractions at the end of the
The capture rate is related to the capture cross seetion rélaxation period are equal to the occupation fractions at the
of the defect, the density of free electramsand their mean P€ginning of the filling period, and vice versa. Thus,
thermal velocity(v™) by the equation I |
fa t=0" fA|t:tpv
ch=on(v"). (1)
" fgtizozflah:tp (5
We assume that the emission rates are very small comy,q
pared with the capture rates during the filling period. Hence,
from the detailed balance principle, the occupation fractions
of defects in statef\ and B are given by the system of
differential equations f:3|tp=O=f:3||t=ti- (6)

[ _gll
fAltp=O_ fa t=t;

oy
— ~Ca(1—fa—fg)—cafa,

Using the above steady-state conditions, we obtain the
explicit expressions for the temporal evolution of the defect
occupation fractions in both periods: (i) in period |

ale (Oststp),
—= =cgfh. 2
L?t fl (t): Clbz_CZbl —CBt+ % a1C2_a2C1 —CA'[
. . . S A ajb,—azh; Cg \aiby—agh; '
During the relaxation period of duratian (indicated by (7)
II), the defect can emit a single electron according to the
reactions L) =1 c.b,—csob, ogt_ [ B1C2— @0y et
en a;b,—ayb; aib,—apb;
DD, pM 4o ®
(i) in period Il (0<t<t)),
]
-2) (n—1) - (S
D(n — D +e , fg(t):fk(tp)efeAt_’_ eA_B - fla(tp)[efeBt_efeAt]' (9)
or a pair of electrons according to the reaction
fa(t)="fg(t,) e s (10)
€ €
D(nfz)_B)D(nf1)+ef_A)D(n)+Zef The parametera,, a,, by, b,, ¢, andc, in Egs.(7) and(8)
' are given by
in which eg ande, are the emission rates for the first and the 4 a—esti—cgt
second electrons, respectively. a=1-e " e, (1D
The emission rates of the two charge states are given by 4 a—egti—cat
the well-known relationship by=1—e""4""%, (12
c,=1—e ®sli, (13

€n= O'ach<vth>eXF{ - E_-lT-) , 3

a2: 1_ efeAti 7CBtp+ [efeBti _ efeAti]echtp'
in which o, is the apparent capture cross sectip,is the AT TB (14)
effective density of states in the conduction band, Bpds
the thermal activation energy necessary to emit an electron.
Due to the electric field, the capture rates are very smallbzz_A [1—e Al Calp]+
compared with the emission rates during the relaxation pe- B €r~Cs

[e* eBti _ e* eAti]e* CAtp'

riod. Thus, again from the detailed balance principle, the (15)
temporal evolution of the occupation fractions of defects in e
statesA andB are given by the following system of differ- Co= B [e~eBli— g €ali]. (16)

ential equations: €r—€p
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The unusual dependence between DLTS line amplitude 10
and filling pulse length observed in defects that can capture
two carriers(cf. Ref. 9 and Sec. Ill Ais one of many inter-
esting consequences of the present model. In Secs. Ill A— __
Il C we show that the model also predicts a dependence on=
line position with pulse timé, and a possible modification :m
in its usual exponentially derived shapes. In addition, some =~
DLTS spectra that could be misinterpreted as arising from an E (b
ordinary single charged pointlike defect will be simulated in
Sec. Il

The rest of this section is devoted to obtaining from Egs. (a)
(9) and(10) the mathematical expressions for the DLTS sig- : . .
nal corresponding to the change of the occupation fractions 0 2 4 6 8
in the relaxation period. et

Equations(9) and (10) give, respectively, the fraction of
defects in stated andB at timet in the relaxation period. FIG. 1. Accumulation inA as a function ofe,t in the period
The first term on the right-hand side of B), 0<t<t;: (a) small and slow accumulation f@,>eg, (b) moder-

| Cent ate accumulation foey~eg, and(c) large and rapid accumulation
fa(t)=fa(tp)e (17 for ep<eg.

is the fraction of traps that were in stateat the end of the The meaning of the fractiof,g(t) is not straightforward: it

filling period and that are still in stat at timet. corresponds to the number of defects that can emit an elec-

The second term is the fraction of defects that were i . ; X
stateB at the end of the filling period, but after the emissionntron at timet in accordance with the second stage of the

€ e
of one electron they are in stafeat timet. This term is the reaction D(”—2)jD(“—1)+ e‘—A>D(”)+2e‘. It is a mono-
accumulation inA during the relaxation period and is given tonically decreasing function of time whose derivativéth
by the minus sighis equal to the number of electrons emitted
per unit time accordin”g to the second part of the reaction. In
__©s | —egt _ a—eat contrast, the fractiorfg(t) of defects in statB at timet,
Adl)= ex—ep fa(tp)le ™o —e ™. (18 given by Eq.(10), corrzsponds to the number of defects that
. ) L can emit an electron at timein accordance with the first
It will be shown in Sec. 11l that the kinetics of the accumu- ga46 of the reaction. In this sense, we shall talk about the
lation A(t) characterizes the DLTS spectra of defects withfirt emitted electron and the second emitted electron.

two charge states. Hence, some attention to its behavior dur- p| 15 measurements take advantage of the fact that the

(c)

0.5+ 4

ing the relaxation period is needed. _ transient of capacitanc&C is due to the variation of charge
The functionA(t) increases from zero up to the maxi- \yithin the space charge region of a Schottky contact during
mum value the relaxation period. If the density of defedts is small

compared to the dopant concentratibg, the capacitance

ep/(ea—eg) . . .
eB) AT (19) transientA C(t) is related to the local transient of the occu-

Ac ma= f:B(tp)(

en pation fractionAf(z,t) by?’
at time CN. (o
AC()=——3 | Af(zt)zdz 22
t L oo (20) NoWo Jo
e ———— n —_—
max ea—€g  €g

(Cy is the capacitance and, is the width of the space-
and then it decreases to zero whenx. Its line shape has charge region
three kinetic regimes depending strongly on the ratio be- From Eq.(22) it is apparent that a capacitance transient is
tween the emission rates, and eg. The accumulation is created whenever a lot of defects emit a charge carrier. Ac-
small and slow where,>eg [Fig. 1(@)]; it is moderatdFig.  cordingly, the three emission processes by a trap with two
1(b)] whenes~eg; and it is large and rapid whee,<ez  charge states give rise to three different capacitance tran-
[Fig. 1(c)]. The three different types of DLTS spectra for sients: (i) AC,(t), related to the change of the occupation
defects with two charge states are a direct consequence &fction f,(t) due to the exponential emission of a single
these three different kinetic regimes. electron;(ii) ACg(t), related to the change of the occupation
The fraction of traps that were in staBeat the end of the fraction f3(t) due to the exponential emission of the first of
filling period and that are still in stat@ or in stateA attime  a pair electrons; andii) AC,g(t), related to the change of

t is expressed by fraction f,g(t) due to the nonexponential emission of the
| second electron.
fas(t) =fg(t) +Ac(t) As the function f,g(t) decreases monotonically with

Ceut)— Cent time, its corresponding capacitance transi®&,g(t) is al-
—flt) eaeXp — egt) —egexXp(—ea )_ (21)  Ways positive as would be expected for a majority carrier
BLP €r— € trap (cf. Ref. ). We emphasize that if we had taken into
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account for the calculation adC,g(t) only the accumula- the maximum value of the signaly, we shall call this type
tion fraction A.(t), we would have obtained a physically of spectrum theAB spectrum.

meaningless expression. This is due to the fact fét) is Instances of thé\B spectrum were observed in Fe-doped
not a monotonic function df (see Fig. 1 and its derivative is  InP (in the configurationA of the so-called MFe centg? in
not equal to the number of electrons emitted in the secong-type CdTe’ and in n-type Hg, Cd, Te®° Recently, a

€8 €A candidate for a\B trap was also observed mtype silicon
part of the reaCtiOfD(niz)H D(n71)+ e7—>D(”)+Zef. after proton |mp|antat|oﬁg
The DLTS signalL results from the convolution of the We shall apply our model to the particularly clear in-
total capacitance transient AC(t)=AC,(t)  stance of a defect with th&B spectrum observed by Zoth
+ACp(t) +AC,p(t) and is, therefore, the sum of the three and Schreer’ in p-type CdTe. They found two DLTS lines,
corresponding signals,, Lg, andL »g, given by labeledH4-A and H4-B, manifesting unusual dependence
on the filling pulse length, : line A decreases while linB
La=fa(tp)ra, (23 increases with increasintg. For short pulses, lin@ is ob-
served with its maximum amplitude. For long pulses, ke
LB:fIB(tp)rB' (24) vanishes while linB reaches it maximum amplitude, which

is twice the maximum amplitude of lin&.
eAls— gl A Both lines are associated v_vith the same defept, which can
LAB=f'B(tp) —_—, (25)  capture and emit two holes, li¢4-A corresponding to the
€~ €8 emission of a single hole and li¢4-B corresponding to the
simultaneous emissions of a pair of holes. The capture of the
second hole is related to a large lattice relaxation and is
thermally activated to such an extent that an inverted order-
ing of the emission energies is observed. From the electric
field dependence of the hole emission rates, the authors were
able to infer a donor character for a level and an acceptor
2 character for the other, with positivg¢-ordering. They attrib-
. (26)  uted the defect to a Cd-vacancy complex.

in which r, andrg are the DLTS line amplitudes for an
exponential emission at the rates andeg . The normalized
amplitudes , andrg, registered using the lock-in technique

with square wave correlation at frequentcy 1/(t,+t;), are
In Fig. 2(a) we simulate a series of DLTS spectra for the

given by
_ exp( _Gas
f
] ) ) o defect as a function of the filling pulse length. The essen-

The signalL , arises from the exponential emission of anjg| features of the measured spectra shown in Fig) af
electron by traps that captured a single electron and the Sigef. 7 are reproduced by the simulations. Figufi®) 2hows
nalsLg and L g arise, respectively, from the exponential he total convolution signal and its componentk », Lg,
emission of a first electron and the nonexponential emissiogq L ag for the pulse lengtht, =5 us.
of a second electron by traps that captured two electrons.  The pehavior of the observed lines is a consequence of the

Usually the DLTS signal for ordinary pointlike defects is gjow and small accumulation in state[see Fig. 18)]. Since
characterized by an exponential emission rate. Since tWe s.e_ the emission of the second hole follows immedi-
emission rate®, andeg appear in the expressidas) for  aeely after the emission of the first hole and the accumulation
the signall g, it is clear that this signal plays a key role in (t) is very small in comparison with the fractidi(t,). It
somewhat singular aspects presented by the DLTS spectra Rafsults from Eqs(23)—(25) that the signal ,g almost epquals
defects with two charge states. Actually, lihgg is of a the signallg, Lag~fh(t,)rg=Lg, and the total signdl is
nonexponential type and it is not normalized by the factor . tBi AB Bb p/iB B
1/0.204 occurring in Eq(26). Moreover,L 55 is a kind of approximately given by
resultant signal from all processes involved in a second elec- | |
tron emission. L~fa(tp)rat2fg(tp)re. (27)

It should be noted that what is actually measured in a
experiment is the total convolution sigrial As will be dis-
cussed in the next section, this fact can give rise to wrong%
interpretations of the experimental results.

BESLN
"AB~0.204e, 5

r]l'herefore, the maximum amplitude of the DLTS signal at
emperaturd g is twice the maximum amplitude at tempera-
ure T, [see Fig. 2a)]. This result confirms thed hocex-
pedient of doubling the fractiom'B(tp) used in Refs. 6, 7,
and 9.

We note that although the effect of the accumulatioiin

The above model characterizes the three possible types & very small, it is not negligible at temperatures clos& o
DLTS spectra for a doubly charged defect according to théigure 2b) shows that the signals,g andLg do not coin-
ratio of the emission rates of statdsand B. Each type of cide at the_se_temperatures, the dlfference being responsible
spectrum will be separately analyzed in the following sub-for_ the deviations between the experimental data and calcu-

Figure 3 shows the ratio of the total sigrialat tempera-
A C lied ) cdT turesT, andTg as a function of the filling pulsg, according
- Casee,>eg applied to p-type CdTe to Egs.(23)—(25) and the data points derived from FigaP

The first type of spectrum described by the model appearsf Ref. 7. Theory and experience agree fairly well without
when e >eg. Since the temperaturé, at the maximum any additional considerations about the slow capture in the
value of the signal , is smaller than the temperatuifg at  so-called Debye tafl’

IIl. APPLICATION AND DISCUSSION
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FIG. 3. Ratio between the total convolution sighaht the tem-
perature of the maximum value of signal(T,) and the maximum
value of signalLg(Tg) as a function of the filling pulse,. The
circles represent this ratio as taken from the measured sgé€agra
2(a) of Ref. 7] whereas the solid line is the theoretically calculated
one. Simulation parameters are the same as in Fa. 2

electron emission of 0.25 and 0.43 eV. The capture process
of theE1 level is thermally activated, with a thermal energy
barrier of 0.11 eV.
o B— . ; . In both materials, the peaksl andE2 were found to
100 150 obey a similar capture kinetics. The capture rate of the line
Temperature (K) E1 is very slow and can be determined with great accuracy,
but the capture rate of lin&2 is very fast and cannot be
FIG. 2. (8 Computer-simulated DLTS spectra for the defects measured with the usual DLTS technique. LEB& has been
measured irp-type CdTe at a lock-in rate window of 712% The ~ observed to increase with increasiyg while line E2 has
simulation parameters were taken from Ref.[i@ (free-hole  been found with its maximum amplitude even for the short-
density=~10'*> cm™3, o,(A)=5x10'° cn?, o,(B)=1.7x10"'®  est filling pulse available experimentally. The height of peak
exp(—0.07 eVKT)]. The emission rates may be written as E1 after saturation nearly equals the height of peEk This
ep=AT? exp(—E/kT). The prefactor of e, is 5.1x10° s* K™ fact was interpreted in Refs. 13 and 10 as evidence for the
for state A and 7.4<10° s K™ for stateB, respectively. The assumption that the pair of peaks detected in GaAs and
activation energyr was 0.20 eV for staté and 0.23 eV for state Cd, g Mng osTe:Ga may be related with two states of charge
B. (b) Simulated Spectra C(b) for tp:5 uSs ShOWing the total con- Of the same defect that have pos|tNeerder|ng

DLTS line amplitude (arb. units)

G

volution signall and its componentsa, Lg, andLag. The main features of the observed spectra are conse-
guences of the large and fast accumulatiy(t) [see Fig.
B. Casee,<eg applied to V5 in GaAs and Cd, _,Mn,Te:Ga 1(c)]. Sinceep<eg, almost all defects occupied by two elec-

The second type of spectrum described by the model aprons emit the first electron before timg,, and the second
pears where,<e . Since the maximum value of the signal electron aftett ... S0, two peaks of nearly equal amplitudes
Lg occurs at a lower temperature than the maximum value o re observed at templeratur'é,§ andTs. It resutts from Egs.
the signalL ,, we shall call this type of spectrum tH2A 23)__(25) that.LAB%fB(tp)rA and the total signal. is ap-
spectrum. proximately given by

Remarkable examples of defects exhibiting B spec-
trum are the configuratioB of the MFe center in InP:Fg, L~fE(tp)rp+[Fa(tp) + fa(tp)]ra. (28
the divacancy in electron irradiated silicbht? the isolated
arsenic vacancy » in GaAs314162%nd the Ga-relateBX  Consequently, the DLTS signal at, increases faster than
center in Cg_,Mn,TeX® We shall apply our model to repro- the DLTS signal affg with increasing pulse lengtt,, and
duce the main features of the measured spectra for GaAs aitide Slgnals have almost equal magnitudes after saturation,
Cd;_Mn,Te. whenfB(tp) 1 ande(tp) ~0.

The V, defect is created by electréfl® « particle, and In Fig. 4 we simulate thé8A spectrum for the isolated
proton**° irradiation in n-type GaAs. The irradiation- vacancyV,s in GaAs under saturation conditions using the
induced defect is responsible for two DLTS peaks, labeledneasured parameters of Ref. 14. In Figa)5we simulate
E1 andE2, which have been respectively attributed to antwo BA spectra for the defect observed indgeMng gsTe at
acceptorllke charge state-/0) and a donorlike charge state t,=10 us (dashed ling andt,=1000 us (continuous ling
(0/+) of the vacancy® DLTS measurements also detected Flgure Hb) shows the convolutlon signal and its compo-
two dominant emission peaks in Ga-doped,GMny ,sTe®  nentsL,, Lg, andLag att,=10 us. All the simulations are
also labeled=1 andE2, with thermal activation energies for in good agreement with the observed DLTS spectra.
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FIG. 4. Computer-simulated spectra for the isolated vacancy oo .
Vs in n-type GaAs. The simulation parameters were derived from £
Ref. 14 [t,=0.5 us, lock-in frequency46 Hz, n (free electron E
N 6 3 —15 . La
density=1.2x10" cm™3, 0,(A) =0, (A) =1.5x10 5 cn?, o,(B) g
=0, B)=1.3x10"" cn?, E(A)=0.026 eV, andE(B)=0.117 ) Ly
eVv]. 8 05} i
2
. . =
C. Caseep~eg applied to the DX center in GaSbh:S g
The third type of spectrum described by the model ap- &
pears where,~eg . As the temperatureég, andTg are very o 1ol Lag i
close to each other, one observes only a large, nonexponen-5 L

DL

tial peak. This type of spectrum will be called ti@spec- 100 200 300 400
trum. Temperature (K)

An instance of theC spectrum is exhibited by the sulfur
relatedDX center in GaSB*'%'8The observed defect pos-

Sesszs_ S'_T”%r prog)er‘;[-:l‘es tOAthOFfefO;M (zjerters_flrétadAe- Cdy.9Mng g3Te. The simulation parameters were derived from Ref.
tected in Te-doped AGa _,As (Ref. 22 and later in S 10 [double-boxcar rate windowl.2x10° s, n=2x10% cm 3,

under high hydrostatic pressufss well as with very high (A) =0 A) =510 cn?, o(B)=1x10 P exp—0.11 eV/
doping levels?®** According to the model developed by 1) ¢ne. aaap(B)=7.7><10*15 P E1(A)=0.43 eV, andE(B)
Chadi and Chang? the metastable phenomena characteriz—g o5 eVl. (b) Simulated spectra of) for t,=10 us showing the
ing the DX center in IlI-V and II-VI semiconducting com-  total convolution signal. and its components,, Lg, andL .
pounds arise from the interstitial-to-substitutional motion of
the defect® The DX center is stabilized by the capture of  Their model was applied for the case of & center in
two electrons and therefore has negatit/é its ground staté  Gagh:S. The values of the thermal emission and capture
being a negatively chargedl ~ acceptor state. There is strong 4tes were obtained by fitting the observed capacitance tran-
experimental evidence for the ground states of the Ge-relatedents to the sum of the concentrations of defects in both
DX center in GaAs, co-doped with Ge and feand the charge states, which are essentially given by Efs.and
sulfur-relatedD X center in GaAg P, (Ref. 24 to possess a  (10). This procedure is not correct since it ignores the con-
double electron occupation. tribution of the fraction of defects occupied by two electrons
Dobaczewskl and Kacz%i'r.proposed' a model for the [fg(t)] to the partial DLTS signal{,s) arising from the
negan_veU DX center according to which the capture and emission of the second electrésee Sec. )l The fitting of
emission processes between the ground state and the Condld‘fé DLTS line amplitudes for different filling pulses shown

tion band occur via aQ intgrmed+iate ope-electmonsFate by repeatedly in Refs. 17, 21, and 23 is therefore rather artifi-
the reactionsD «—D"+e D" +2e . Observations of ial

the temperature effect on the photoionization transients 0? As a matter of fact, the capture rate of the second electron

':he D_X tcenft%: |rlhA1<Gail_xA_s:T_e and on trf1e cg@zcnance is too fast to be observed, even for the shortest filling pulses,
ransients ot the thermal émission process Iromecen- — 5,y pe capture rate of the first electron is the rate-limiting

ter in GaSh:S were presented as experimental evidence f Y . -
the existence of the intermedidl¥ state. From a system of %Eep_(seel beIO\_b/. The fract|oan(tp) 's negligible and the
fraction fg(tp) is very accurately given by

rate equations similar to Eq&2) and (4), they derived ex-
pressions for the concentrations of defects possessing one or

two electrons under the isothermal DLTS measurement con- fi(ty)~1—e CAl, (29)
ditions. Since the isothermal DLTS is the null frequency

limit of the steady state DLTSexposed in Sec. )] their ~ So the stateB " andD ~ are simultaneously present for short
expressions are particular cases of E@3—(10), valid for  filing pulses, but not statd® which is a characteristic
large enough values a@f to empty all the defect&; —x). negativet property for a defect.It results from Eqs(23)—

5

FIG. 5. (8 Computer-simulated DLTS spectra for Ga-doped
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andE(B)=0.22 e\].

(25) that only the signalé g andL g contribute to the total
convolution signal, which is given by

€alg—€gla

¢l
LNfB(tp) er—eg

rg+ (30

In Fig. 6 we adjust our model to data points drawn from
the measured spectrum for GaSh:S that is shown in Fig. 1 of
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signalsLg andL g (dotted line$ contribute to the total con-
volution signal. Our simulations reveal that this is also true
for short filling pulses, when the line amplitude is not yet
saturated.

IV. CONCLUSION

We developed a model to account for the DLTS line be-
havior of defects possessing two charge states. Applying the
model to reported measurements, we described the main fea-
tures of the three possible types of spectra, cali&] BA,
and C. The main characteristic of th&B spectrum is the
unusual dependence of line amplitudes with filling pulse
length. LineA decreases whereas lifeincreases with in-
creasing, . This has been observed in Fe-doped IpRype
CdTe, and HgsCd, ;Te submitted to ion implantation. The
BA spectrum has been found in radiation-damageype
GaAs, Fe-doped InP, electron irradiated silicon, and heavily
Ga-doped CglyMn gsTe for defects having positive- cor-
relation energy. It is characterized by the presence of two
peaks with almost the same amplitude after saturation. Fi-
nally, the main feature of th€ spectrum is the detection of
a single broadened peak. It has been measured in sulfur-
doped GaSb and it is related to a negalivé® X center. The
simulations agree qualitatively as well as quantitatively with
experience and show the applicability of the model to
positivelU and negativdd systems.
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