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Model and results for a deep level with two different configurations in Hg, ;Cd, ;Te
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We consider a model for a defect which presents two distinct configurations at two different states of charge
and discuss its behavior as observed via deep-level transient spectrd8dd[) experiments. A general
solution is obtained for the occupation fractions of the defect at each of both possible configurations. The
obtained results are applied to explain the unusual dependence of DLTS line amplitudes as a function of filling
pulse length in Hg :Cd, ;Te submitted to ion implantation.

. INTRODUCTION by Levinsonet al,! and Zoth and Schter? as a particular
case.
Defect induced deep levels is an investigation subject
whose development has been strongly enhanced by the deep- Il. MODEL

level transient spectroscogfpLTS) technique. Apart from
simple cases, many examples of intricate unusual phenom- The unusual dependence of the DLTS amplitude of lines
ena observed using this technique and associated with char§2 andE4 with the filling pulse can be explained by consid-
state controlled metastable defects are reported in thering them as two distinct configurations of the same defect
literature!~® This unusual behavior has its origin, for ex- in differents states of charge. We assume that this deep level
ample, due to the strong coupling to the lattice, to negative&an capture two electrons; DLTS lif€2 corresponds to the
correlation energynegativeU centey, and to entropy driven emission of the fraction of defects occupied by one carrier
spontaneous configurational changes that can be observed[aalled E2(A)] and the nonsaturation of linE4 originates
a critical temperature. from the emission of the fraction filled with two electrons

In CdTe, defects with an unusual dependence betweelE2(B)]. Further dependence df4 maximun amplitude
DLTS line amplitude and filing pulse length has beenwith the filling pulse lengttt,, which clearly presents nei-
reportec®® Zoth and Schiter® observed a multiple charged ther a pointlike nor an extendedlike character, results from
defect inp-CdTe: two DLTS lines corresponding to two dif- the superposition of two independent emissions: one of a
ferent configurations were observed. They found a relatiofpoint defect and the other of the simultaneous emissions of
between occupation fractions for both configurations, similathe two electrons if£2(B).
to a previously reported behavior observed in ffHUm- The kinetics of the transition between the two configura-
melgen and Scfiter observed deformation induced defects
in p-CdTe whose DLTS line presents a decreasing amplitude - - T T T '
with increasing filling pulse length. A similar behavior has
been observed im-type Hg,sCd,;Te, by Barbotet al®
They investigated samples containing dislocation loops gen-
erated by ion implantation and found two lines, labeled
and E4, with unusual dependence between their amplitudes
and the filling pulse length. The amplitude of lik rises
with increasing filling pulse time up to a maximum at ap-
proximately 10 us and decreases for longer filling pulse
times. The amplitude of lin&4 behaves like a point defect
for filling pulses of duration lower than 100@.s. However,
for longer filling pulses its amplitude does not saturate as
expected for point defecisee Fig. 1

We consider a defect with two charge states, as well as the 200 400 600 800 1000
finite capture rates for both defect configurations, and discuss Filling pulse length ()
the implications for each phase of a DLTS measurement.

We succesfully apply our model to explain the results FIG. 1. Variation of DLTS amplitude with filling pulse length
presented by Barbagt al® and obtain the expressions usedt, for E2 (¢') andE4 (O) as abtained by Barbat al. (Ref. 8.
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tions [E2(A)«—E2(B)] is driven by the capture and emis- In the relaxation perioddenoted byl1), the defect occu-
sion of the second carrier. Therefore, the activation enthalppation fractions with one electrai} and with two electrons

ies measured by DLTS are considered as real binding} satisfies the following system of differential equations:

energies of the captured electrons; i.e., the transition is not |

thermically activated. dfp I |
The follow description assumed that the magnitude of the ot =en(B)fg—en(A)fa,

depletion layer motion is large compared to the Debye )
length. This ignores any effects due to the inhomogenities of
the free-carrier distribution in the transition regitrDuring oty
the filling pulse the thermodinamicaly stable configuration is e —en(B)fy.
the one with two capturated carriers. Calling the unspecified
initial value of the charge statg, the capture rate of the first  The general solution of8) is
charge carrierc,(A), and the capture rate of the second
charge carriec,(B), the system proceeds according to the eq(B)
following reaction: fx(t) = m Bge &nBlL B e &Mt (g)

Ch(A) f(t)=Bge en(®t (10

DMW+2e~ — D" Vtem, )
whereB; andB, are constants and<Ot<t; .
The constant8,, B,, B3, andB, are determined by the
(-1 Cnl(B) (-2) conditions imposed by the DLTS measurement procedure: a
D tle- —» D : ) periodical sequence of filling pulses followed by relaxation

In the filling period(denoted byl), the temporal variation
of the defect occupation fractions with one electignand

with two electron:a‘{3 is governed by the coupled differential

equations
fa - |
7:Cn(A)(l_fA_fB)_Cn(B)fA,
()
of
chn(B)f,lA'
The general solution of this system is
Ch(A)B;
fl 1) =B e—Cn(B)t+ n—e—Cn(A)t, 4
A( ) 1 Cn(B) ( )
fg(t)= 1—B,e” (Bt—B,e AL, (5
whereB; andB, are constants and<Qt<t,.
During the relaxation time t(=(1/f)—t,, wheref is

pulse repetition frequengythe defect returns to its original

state of charge. If it is initially occupied by one electron it
emits the captured charge carrier at emission egfd) fol-
lowing the process

en(A)

DY DW+e. (6)

Instead, if it binds two carriers, the defect emits any charge
carrier at emission rate,(B) and the next one at emission

ratee,(A), following the reaction

en(A)

en(B)
D=2 , D~ Yie — DM+ 2e™,

(@)

time. The initial state of the relaxation period is the final state
of the filling period and vice versa.

The occupation fractions of configuratioAsandB at the
beginning of period|l are equal to the occupation fractions
at the end of periodl. Applying this condition of continuity,

fa ti:O:f,IL\(tp)r
fely—o="fa(tp),
we obtain
By=f(tp)
and
e(B)

Bs= fk(tp) - mfg(tp)

Thus, substituting in Eq9) and in Eq.(10) one obtains the
following result:

en(B)
en(A)—en(B)

X [ef en(B)t _ e en(A)t] ,

fia (1) ="F(ty)e At fu(ty)

(11)

fi(t)=fh(tp)e B, (12)

where O<st<t;.

Similary, the occupation fractions of configuratiohsand
B at the beginning of periodl are equal to the occupation
fractions at the end of peridd. Again, applying this condi-
tion of continuity,

fIA|tp:0:fX(ti)a

f:3|tp:0: fi(t),

we obtain the following system of linear algebraic equations
for B; andB.,:
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en(B)

1_e7en(A)ti7cn(B)tp L
( )t e A —ex(®)

Cn(A)
cn(B)

_ ey(B)
B en(A) - en( B)

(1_ e—en(B)ti—Cn(B)tp) Bl+ ( 1— e—en(B)ti —Cn(A)tp) B2
=(1—e ®t), (14)

Solving this system of equation8; and B, are deter-
mined:

_ Ciby—Coby
1" ab,—asb,’ (15

a;,C,—ayCy
Bz_albz—azbl’ (18

wherea,, a,, by, b,, ¢;, andc, are the following param-
eters:

a;= 1— e*en(B)ti*Cn(B)tp’ (17)
bl= 1— e*en(B)ti*Cn(A)tp' (18)
c;= 1—e Bt (19
en(B)
a,= 1_e—en(A)ti—Cn(B)tp + n e—en(B)ti
2 e e ®
—e_en(A)ti)e_Cn(B)tp, (20)

Cn(A)
b - 1_e_en(A)ti—Cn(A)tp
2 Cn(B)( )
en(B)
47 efen(B)ti_efen(A)ti efcn(A)tp,
en(A)—en(B) | ) .
en( B) (e*en(B)ti _ e*en(A)ti) . (22)

2= e (A)—en(B)

By replacing this solution in the expressions f{a(tp) in Eq.

(4) and forf'B(tp) in Eq. (5), we can find the occupation
fractions of the state& andB at the end of the filling pulse

as a function of capture rat¢s,(A) andc,(B)], emission
rates[e,(A) ande,(B)], filing pulse lengtht, and relax-
ation timet; .

As a particular case, for high values of(A)>10" s,

(e* en(B)ti —e

(1 _ efen(A)ti 7Cn(A)tp) +

(e~en(Blti_ gen(Alty

7807

—ep(A)t; ) e Cn(B)tp Bl

en(B) .
. m=- - n(B)ti _ 7en(A)ti *Cn(A)t
en(A)—e,B) © e e e B,

(13

Ill. APPLICATION

In this section we shall apply the model to describe the
anomalous behavior of lings2 andE4 identified by Barbot
et al® in Hgo sCd, ;Te.

We assume that lin&2 corresponds to the process de-
scribed by Eq(6) and that lineE4 corresponds to the sum-
matory of the process described by Ef). and the emission
from another pointlike defect with usual dependence with the
filling pulse length.

We explain the behavior of lineE2 and E4 using our
model supposing thdt) line E2 is associated with configu-
rationE2(A); and(ii) line E4 results from the superposition
of configurationE2(B) and another pointlike defect labeled
E4P.

In the fitting of E2(A), we adjust Eq(4) for t=t,, the
constantsB; and B, given by Egs.(15 and (16), and the
emission rate,

e (A)=2.51xf=200.8 s?

determined by the correlation used in the DLTS system. In
this way we obtain the following values for the capture and
emission rates at 187 K:

cy(A)=7X10° s 1,
c,(B)=230 s},
e,(B)=15 s L.

Employing the relationNAl) presented in the Appendix,
we derived the capture cross section€@f(A) andE2(B):

oaA=2.5x10"1" cn?,

og=8%10"2 cn?.

The comparison betweem, and the prefactor for th&?2
emission rate, obtained by Barbotetal® as
oaxa=5%10"1°cm?, yields the entropy of ionization,

we find the same formula presented by Refs. 1 and 3, in the

limit c,(A)—oo:

1—exg —c,y(B)t,]

W T ex e BIt— (BTl
@3

fla(tp) =1- fIA(

AS,=2.6X10"* eVIK.

This value lies in the range of estimates and measurements
of AS in other semiconductors at higher temperatdrés.
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SupposingASgz=0 and using the values d,,(B) and ' ' T - - '

og from the fitting of lineE2(A) we obtain from Eq(A2): 045

AHg=0.134 eV.

We ascribe the anomolous dependence of Eideampli-
tudes on the filling pulse to the sum of two contributiéns:
the characteristic emissions of an isolated point defect
(E4P) and the simultaneous emissions of the two electrons
in E2(B). In other words, we suppose that at the temperature
of the peak of lineE4 (T=261 K), the emission rate of
configurationB is

0.104

0.05+ R

DLTS line amplitude (arb. units

en(B)|T:261 K:251><f:2008 §l. 0.00

0O 200 400 600 800 1000
Applying, for AH,=0.27 e\f the formula(A.2) in the Filling pulse length (us)

Appendix atT=267 K, we obtain
FIG. 2. DLTS lineE2 (A) as a function of pulse length and

en(A)| 12261 k=4.5x10" s71, a continuous line representing the theoretical curve according to Eq.

6) [E2(A)].
Since €,(A)|r=261k>>€n(B)|1-261 k. the transition de- 6 [E2(A)]

scribed by Eq(7) is a two-electron emission; the emission of
the electron fronE2(A) occurs immediately after the emis-
sion of the electron fronk2(B). As in the case described by
Ref. 3, theE2(B) emission rate is the limiting step. There- :
fore, the contributions oE2(B) to the amplitude of linde4 lar case of our expressions. .

are twice what is expected for a single-electron emission Second, in Sec. lll, we apply our model to explain the

: . . nusual dependence of lind22 and E4 on fillin Ise
[ZXle(tp)’ given by Eq.(5)]. Supposing agaid S =0 and IL(IenugStE obsé)rved by Barb@lmt al® in Hg, «Cd TleI 'Ithe)uIiﬁe
using the values oé,(B)|t-261 k and o from the fitting of E2 oriai ¢ he elecirc 00.3 0-7f h def .
line E2(A), we obtain, from Eq(A.2), originates from the electron emission of the defects in

configurationA and the lineE4 from the superposition of

phases of a DLTS measurement: filling pulse time and relax-
ation time. Finally, we show that the relation presented by
Levinsonet al! and used by Zoth and Sched’ is a particu-

AHg=0.144 eV. two independent emissions: the two electrons from the de-
fects in configuratiorBand the electron from another point-
Therefore, the resulting values for configuratiBnparam-  |ike defect. This application yields an estimation of the cap-
eters are comprehended in the intervals ture cross sections for both configurations and also the
0 Y activation enthalpy for configuratioB.
7gxp~10"*—10"% cn?, What emerges from our analysis is the clear evidence that

the defect observed by Barbet al. has the same behavior as
AHg~0.13-0.15 eV. (24) that described by Zoth and Schea The main difference

Comparing the above values fdrHg with the activation —Detween the two cases is in the values of the capture rates;
enthalpy for configuratiolA (AH,=0.27 e\},? it is clear the defectirp-type CdTe has capture rates for configurations
that in the positived ordering of this defe¢t the first elec- A and B higher than that ones in HgCd, ;Te. Following
tron is more strongly bounded than the second. In this re-
gard, our deep level behaves like the one already observed 0.7 45— T . . .
by Zoth and Schiter?

In Figs. 2 and 3 we show the fitted curves for ling2

o
Q

andE4. The observed apparent linear increaségnﬁfp) with £ ZXE2(B)+E4(P)
- . . L 3 0.54 B
the filling pulse of Fig. 3 has its origin in the great value of g
en(A)|1—261k: ascy(B) is temperature independent, a faster S o4l E4(P))
emission rate of configuratiof represents less defect in this § '
configuration and a slower increase of defects in configura- 2 03] .
tion B. Hence, the exponential growth ég(tp) would be 5
revealed only for long filling pulsest(>1000 us). 2021 )
(2]
5 014 |
IV. CONCLUSION a E2B)

This article is divided into two complementary parts.
First, in Sec. Il, we describe a model for a defect which
presents two configurations determined by its state of charge.
ConfigurationA corresponds to the fraction of defects occu-  FiG. 3. DLTS lineE4 (A) as a function of pulse lengtty,
pied by one carrier and configurati@ corresponds to the compared with a continuous line representing the theoretical curve.
one occupied by two carriers. We find the expressions for th&he line E4(P) is obtained by taking the DLTS line amplitude
occupation fractions of each configuration during the twoproportional tof 1—exp(~t,/7)] with 7,=5x10"° s.

0.0 r T T r T
0 200 400 600 800 1000
Filling pulse length (us)
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from this are other consequencés:In the case of Barbot, Cn=on{vth), (A1)

the increase of the amplitudes of lig (A) with short fill-

ing pulse length is observed, whereas, in the case of Zoth anthere n is the density of majority free carriers addth)
Schfder, the ||neH4(A) reached its maximum value even their the mean thermal VE|OCity. In addition, the emission
for the shortest available pulse length) The lineE2(B) is ~ rates are given by the relationship

detectable only at a relatively high temperature that makes AW

the increase of its occupation fraction seem linear even for en=oxN(vthye kT, (A2)

the longest filling pulse available. Therefore, the association

of the unusual behavior for linE2 with that for lineE4 is ~ whereN, is the effective density of states in the conduction
not direct. It depends on a detailed analysis under the scog&nd,

of our theory.

F{AS (A3)
=exp —|,
APPENDIX X K

The capture rates of the two configurations are related tdH and AS are the activation enthalpies and entropies of
theirs capture cross sections{ and o) by the equation ionization.
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