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Thermal emission of the first electron is seen as DLTS
peak EA. The thermal emissions of the second and third
electrons appear to occur simultaneously with activation
energies of -0.4 eV, and result in the transformation to
8. The transformation A ~8 was also shown to occur as
a result of hole capture by A.

The defect in configuration 8 can gain two electrons,

8'+ ~3e ~8'+ ~2e ~8+~e
The first electron captured corresponds to the inverse of
the emission responsible for DLTS peak E7. Likewise the
second capture corresponds to the inverse of E1 or E3.
[The splitting resulting in the two peaks E 1 and E 3 is evi-
dently due to two different varieties of the defect which
have slightly different activation energies for electron
emission in configuration B (E 1 and E3) but behave simi-
larly when in A, as shown by peak EA.] Electron capture
also appears to control the transformation B~A. The
thermally activated nature of this electron capture is re-
sponsible for the metastability of 8 in the presence of free
electrons at T & 150 K.

A charge-state-controlled, electrostatically driven,
structural rearrangement of an intrinsic defect or defect
complex C, and a shallow donor D can be used to model
the data. For simplicity, this rearrangement can be con-
ceptualized in the following way: The two species are
paired when C is occupied (configuration A), and as C be-
comes positive they dissociate to form configuration 8
(consistent with Eq. 1) as

(C D+)' C'+ ~—D+ ~ 3e- (3a)

Q

+ ~ + a5

+ +
O +

or

(C —D+)'~3h+ C'+ ~D+ .

The two defects remain sufficiently close together that
when C becomes negative they reassociate as 8~A,

C'+ ~D+ ~3e ~(C D+)' . -

o q + +
+

Here the controlling electron capture is that of a third
electron B+/B .

In this paper we describe the effects of continuous and
pulsed optical excitation, and minority-carrier (hole) injec-
tion on the transformations. The results are consistent
with the original model and yield additional insights into
the nature of the defect. In particular, pulsed optical mea-
surements allow study of processes which are not observ-
able with normal junction capacitance and photocapaci-
tance methods, such as that of the lattice relaxation rate
associated with configurational change.

II. EXPERIMENTAL

The p+n mesa diodes used in this study consisted of
liquid-phase epitaxial p+ layers on nominally undoped
liquid-encapsulated Czochralski-grown n-InP substrates. '

C - V measurements indicated a free-carrier density
n = 3 & 10' cm . 1-MeV-electron irradiations were per-
formed at room temperature to a total fluence of 10'
cm, and the samples exhibited the characteristic
radiation-defect spectrum, ' including the metastable de-
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fects as previously reported. ' The samples were annealed
for 1 h at 180'C to eliminate defects E6 and E8. ' DLTS
measurements were made using the standard lock-in am-
plifier technique.

The basic procedure' used in these measurements was
to set the defect in the desired configuration by cooling
from T~200 K to low temperature either at zero bias
(configuration A) or with an applied reverse bias (configu-
ration B). The junction was then optically or electrically
(hole-injection) stimulated, and DLTS measurements were
performed to observe any change in peak heights that
would correspond to a transformation from one configu-
ration to the other. Because of the extreme sensitivity of
the transformation to hole injection, switching transients
were avoided at low temperature by adjusting the bias
only with potentiometers and performing all circuit modi-
fications at zero bias.

Variable-wavelength illumination was introduced
through the side of the mesa diodes by a tungsten source
and grating monochromator. A pyroelectric radiometer
was used to measure light intensity at each wavelength,
and the optically induced transformation rates were nor-
malized accordingly. Measurements at higher intensity
were made using both a continuous and a pulsed
neodymium:yttrium-aluminum-garnet (Nd: YAG) laser
operating at 1.96 pm. Absolute intensity calibration was
not possible due to uncertainty involving the coupling of
the light into the mesa structures. However the incident
intensities were —10 W cm for the monochromator
and up to 4 Wcm for the continuous laser.

Hole injection was accomplished with a constant
nanoampere source operated in forward bias. In all cases
the sample temperature was controlled to within +0.2 K
during illumination or injection.

III. OPTICAL EFFECTS

A. Continuous illumination

Subband-gap light was found to promote the transfor-
mation 2 —+8 at temperatures below the thermally activat-
ed transition. Figure 2 shows peak height EA (which is
proportional to the concentration of configuration 2)
versus time of illumination. This process is due to opti-
cally stimulated electron emission and confirms the inter-
pretation of the thermally activated transformation as be-
ing controlled by thermal electron emission. However, the
reverse transition B~A was not observed for any of the
photon energies used, 0.56 & hv~ 1.24 eV, or for high in-
tensity at h v=1.17 eV.

Three electrons are lost in the transformation 2 —+8 so
the optically stimulated reaction can be expressed [con-
sistent with Eq. (1)] as

eo 0 0n1 en2 en 3 RT
~'~~++1e ~~'++2e ~~A'++3e-~a'++3e-

n1 n2 en 3

where e„and e„are rates of optically excited electron
emission and free-electron capture, and RT is the rate of
the lattice relaxation associated with the transformation.
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FIG. 2. DLTS peak height EA vs time of anneal under il-
lumination, either with or without applied reverse bias. For
each point, the defects are set in configuration 3 by cooling the
sample from T ~200 K at zero bias. Illumination is then per-
formed for the indicated time followed by a DLTS measure-
ment. denotes illumination at T =101.6 K, 0 denotes il-
lumination at T =33.7 K, and 4 denotes bias applied at
T = 101.6, cool, illumination at 33.7 K.

360

Once transformed, the defect remains in configuration B
because the final electron capture required for the reverse
transition is thermally activated and does not occur at
temperatures T & 150 K.'

In general, the kinetics of the optically stimulated
transformation are described by the solution of the five
coupled linear first-order differential equations governing
the temporal evolution of the quantities in Eq. (5), togeth
er with the appropriate boundary conditions. However, as
shown below, either the second or third electron emission,
e„2 or e„3, is rate limiting.

Typical curves of DLTS signal EA (which is propor-
tional to the concentration of A) versus time of illumina-
tion are shown in Fig. 2 for both conditions of zero bias
and applied reverse bias during illumjnation. Both curves
are independent of temperature in the range investigated
31 ~ T ~ 100 K. In the "bias-on" condition, the capture
rates c„are negligible as free electrons are swept out of the
depletion region by the junction electric field. The bias-on
curve of Fig. 2 shows a linear relation between logarith-
mic concentration of A and time. This relation is con-
sistent with a simple first-order reaction, and therefore in-
dicates that one step of Eq. (5) is rate limiting. The
scatter of data may be used to estimate the maximum
nonlinearity, and therefore that the rate-limiting step is at
least an order of magnitude slower than any other step.

The first optical electron emission, corresponding to the
thermal electron emission of DLTS peak EA, is not the
rate-limiting step by the following reasonin. Peak EA
appears at the temperature ( —100 K) where the thermal
emission time constant is equal to the DI.TS rate window,
which is on the order of milliseconds. Cooling the sample
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bias applied at both 101.6 and 33.7 K. Since the presence
or absence of e„& does not affect the transformation rate,
this emission process cannot be the rate-limiting step.
This is further confirmed by the following experiment.
The sample is cooled at zero bias in darkness to 101.6 K,
where the bias is applied, and the first electron emitted.
The sample is then cooled to 33.7 K and illuminated. The
results (Fig. 2) are identical with those above. Therefore,
either e„2 or e„3 is rate limiting.

The bias-on A~8 transformation rate is shown as a
function of photon energy in Fig. 3. The observed thresh-
old at -0.8 eV should be compared with the thermal ac-
tivation energy of -0.4 eV for the transformation. '
This difference indicates a Frank-Condon shift for the
electron emission process which controls the transforma-
tion. Figure 4 shows the intensity (I) dependence of the
A +8 transf—ormation rate (R) at the YAG-laser energy of
1.17 eV, again with the reverse bias applied. The depen-
dence is linear at low intensities, but becomes slightly sub-
linear at high intensities where d (inR)/d (lnI) =0.75. The
low-intensity linear behavior provides the basis for the
normalization of monochrometer output for the
transformation-rate —versus —photon-energy data (Fig. 3)
which was taken in that regime.

0.8 I.O
hv(eV)

I

l.2 Eg
B. Pulsed illumination

FIG. 3. Relative rates of the transformation 3~8 as a func-
tion of photon energy.

at zero bias to obtain configuration A and applying the re-
verse bias at or above this temperature thus allows the
thermal emission of the first electron prior to illumina-
tion. If, however, the bias is applied at much lower tem-
perature, then the first electron remains trapped. The re-
sults shown in Fig. 2 labeled "bias on" are identical for
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FICx. 4. Transformation rate 2 ~B vs light intensity at 1.17
eV.

I. Free electron que-nching effect

When illumination is performed at zero bias the
transformation rate is slower and the concentrations no
longer have simple exponential dependencies, as shown in
the "bias-off" curve of Fig. 2. In this case, free electrons
are available to be recaptured by the ionized defects before
they transform to 8, and the reaction is therefore partially
"quenched. " The optical ionization and free-electron cap-
ture processes can be separated in time by using pulsed il-
lumination under reverse bias, in conjunction with bias-
removing voltage pulses. This technique, in principle, per-
mits time-resolved studies of the individual processes in-
volved in the transformation. In particular, information
may be gained about the lattice relaxation rate Rz.

The procedure is illustrated in Fig. 5. After cooling the
sample at zero bias to set configuration 2, the reverse bias
is applied. A 10-ns optical pulse (h v=1.17 eV) is used to
ionize the defects with an intensity chosen so that a popu-
lation is produced in each of the charge states 2 '+, 3 +,
and A +. Those defects in A + transform to configura-
tion B at a rate RT IEq. (5)]. Additional light pulses re-
sult in continued ionization of those defects still in A,
3 '+, and A +, and an increased concentration of 8.
However, if each light pulse is followed by a sufficiently
long bias-removing voltage pulse, a partial quenching ef-
fect occurs as free electrons are captured and return those
defects which remain in A'+, 3 +, OI c4 to 2 . The
proportion of defects which transform to B in this latter
case can only be those which are ionized to 2 + during
the light pulse and then transform before recapturing an
electron. The transformed defects remain in configuration
B because the electron capture required for the reverse
transition is thermally activated and does not occur at
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If we assume that the lattice relaxation involves a dif-
fusionlike atomic displacement with a vibrational attempt
frequency of —10' s ', we have

10 ~ R z = 10' exp( E, /—k T) .

This relation, with T =33 K, gives a conservative upper
limit for any atomic displacement activation barrier
E, ~0.046 eV. This value is consistent with the observed
lack of temperature dependence for the optically stimulat-
ed transition A ~B (Fig. 2).

3. Energy leuels in A

t2= 0
tp & I p, sec

NO ILLUMINATION

I OO

T (K)
FIG. 5. Pulsed optical experiment showing the bias pulse

"quenching" effect on the transformation 3~8. Data
represents 3000 light pulses.

T & 150 K. This proportion can thus be detected in a sub-
sequent DI.TS measurement.

DLTS spectra are shown in Fig. 5 following 3000 light
pulses, both with and without the bias-removing pulses.
The quenching effect is clearly seen. The reaction
quenching increases as expected for increasing bias-
removing pulse widths t2 and was found to saturate at
t'2" -1 ps. (The value of t'2" and the variation of quench-
ing as a function of t2 have a complex dependence on light
intensity, capture rates c„,and the total number of pulses. )

2. Lattice relaxation rate

If the lattice relaxation rate R T is less than the
electron-capture rate c„3 (Eq. S), then RT can be resolved
by measuring the extent of quenching as a function of bias
pulse delay time tj. t& represents the time available for
A + to transform to B + before being exposed to free
electrons. Therefore, a decrease in t& should lead to an in-
crease in the proportion of 2 + which recapture an elec-
tron before transforming, therefore leading to an increase
in quenching. The time resolution is then limited by c„3.

In fact, no change in quenching was observed for all t&

between 40 ns and 50 ms and temperatures between 33
and 150 K. Thus RT is greater than c„3. t2" is deter-
mined by the capture rates c„. Therefore c„3) (r2 )

and we may take a conservative lower limit for. , RT as
(tq") '=10 s '. lt is therefore apparent that all A +
transforms quickly to B, and the reaction quenching effect
seen in Fig. 5 is due to electron capture by 2'+ and 2 +
only.

The lack of temperature dependence of the quenching
effect can also be used to gain information on the order of
energy levels in configuration A. Thermally stimulated
capacitance (TSCAP) measurements have shown that the
thermally activated transformation A ~B occurs with the
simultaneous emission of the second and third electrons at
T=160 K.' There are two possible explanations for this
behavior: Firstly, the transformation could proceed upon
loss of the second electron (A'+~A +), and the third
would be emitted immediately afterwards because of a de-
creased emission activation energy in configuration B.
(This latter emission would then correspond to DLTS
peak E7.) Alternatively, the binding energy of the third
electron in configuration A, E3, may be equal to or less
than that of the second, E2. Consequently, a temperatureb

sufficient to cause thermal emission of the second electron
is also sufficient for emission of the third electron. The
third emission thus immediately foliows that of the
second. This situation would correspond to a zero or neg-
ative correlation energy U =E3—E2. '

Although the analysis of the lattice relaxation rate ex-
periment in the preceding section does not depend on
which charge state of A controls the transformation, we
have assumed that the transformation occurs at 3 + rath-
er than at A +. This assumption can now be justified, and
the second explanation above shown to be correct, by rul-
ing out the first explanation. The reasoning is as follows:
If the second electron were the controlling emission, then
the lattice relaxation would occur at 3 +. The quenching
effect would then be due to the capture 3 '+ ~A only, be-
cause all the A +'s would transform before recapturing an
electron. However, the experiment may be performed
with all 2 in either 2 or 3 '+ at the beginning of the light
pulse. The latter condition occurs at temperatures where
the first electron is emitted thermally (A —+A'+) during
time t3 (Fig. 5). This emission occurs when t3 and the
sample temperature are greater than or equal to the time
constant and temperature of DLTS peak EA. It is found
that the extent of quenching is the same for temperatures
both well above and well below T(EA). This result indi-
cates that the quenching effect cannot be due to the cap-
ture 2 '+ ~A, because it makes no difference if the defect
is returned to 2 '+ thermally before the next light pulse.
Therefore, the quenching is due to capture by 3 +, so
there must be a stable population in 2 + during time in-
terval t~ after the light pulse. Thus the transformation
does not proceed until the third electron is lost and A + is
achieved.
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The second explanation is therefore correct and the zero
or negative-U character may be examined by noting any
decrease of the quenching effect with increasing tempera-
ture up to the second-electron thermal emission at T= 160
K. If' the third electron is bound less strongly than the
second (negative-U ordering), then it will be emitted
thermally during time t& at T & 160 K from those defects
which have already lost the second electron optically (as-
suming similar capture cross sections and thus exponential
prefactors for thermal emission from 3 '+ and A +). This
would result in an increased number of 3 +, and also
more B, and thus reduced quenching. In fact, at t& ——50
ms and all T & 1SO K there is no change in the extent of
quenching, indicating that E2-E3. That is, the thermal
emission activation energies are nearly equal.

IV. MINORITY-CARRIER EFFECTS

As previously reported, hole injection induces the tran-
sition A~8 consistent with Eq. (3b) but not the reverse
B—+A. This behavior again confirms the charge-state-
controlled nature of the transformation. Hole capture is
equivalent in its effect on charge state to thermally or op-
tically stimulated electron emission.

Figure 6 shows a typical variation of DLTS peak
heights with time at constant injection current. Two dis-
tinct stages of the transformation are evident. In this case
peaks E 1 and E 3 appear at the same rate, so there is no
apparent relation between these two stages and the two
stages previously reported for the thermally activated
transition 3 —+B.' In the latter case, part of E1 appears

30
HOLE INJECTION EFFECT

6 IO +A

in one stage near 110 K, and the remainder of E 1 together
with all of E 3 in a second stage at —160 K.

The dependence of transformation rate on injection
current for both stages 1 and 2 are shown in Fig. 7. A
good fit to the data is provided by taking R ~ J", where a
least-squares analysis gives n =3.0 for stage 1 and n =2.3
f'~)r stage 2. The cubic current dependence of stage 1 is
consistent with Eq. (3b), and confirms that three holes are
captured in the transformation. The approximate square
dependence of stage 2 implies two-carrier kinetics. Stage
2 thus appears to reflect a two step process where the first
hole is captured quickly and the rate is determined by the
capture of the second and third holes.

The temperature dependence of the rates in both stages
are shown in Fig. 8. This data shows transformation rates
for J=4&&10 Acm and 33& T&50 K which are
20—30 orders of magnitude faster than that calculated for
the thermally activated A~B transition in this tempera-
ture range. The form of the curves is assumed to reflect
the combined temperature dependence of the hole-capture
cross section, hole lifetime, and injection ratio.

V. DISCUSSION

A. Energy-level structure

The energy levels for both configurations, which have
been determined from the experimental data, are di-
agrammed in Fig. 9. The charge states and observable
electronic transitions involving these levels are summa-
rized in Table I. In configuration 2 the first, second, and
third electrons are emitted from levels A &, A 2, and 3 ~,

respectively. The two observable electron emissions in
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FIG. 6. DI.TS peak heights vs time of hole injection showing
the transformation A ~B. For each point, the defects are set in
configuration A by cooling at zero bias, and the injection current
is applied for the indicated time, followed by the DI.TS mea-
surement. 0 denotes EA, H denotes E3,„—E3(t), and Q
denotes E1,„—E 1(t).
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FIG. 7. Transformation rate A ~B vs injection current densi-
ty at T =39.0 K.
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and configuration 2 is stable independent of the occupa-
tion of A2.

8. Observation of configurational change
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FIG. 8. Transformation rate A ~8 vs temperature. Injection
current J =-4)& 10 Acm

configuration 8 are from levels 8& and 82. The transi-
tions corresponding to DLTS peaks EA, E I or E3, and
E7, are indimted. A~ is the controlling level of the
transformation A —+8, which occurs when 2* is unoccu-
pied. The pulsed optical experiments show, for 3~8,
that once the proper charge state is attained, the transfor-
mation proceeds with a negligible atomic displacement ac-
tivation barrier.

The pulsed optical measurements also showed that A2
and 2* are similar in energy position because the tempera-
ture for thermal electron emission is similar for both
states. However, A~ uniquely controls the transformation

E l,5:I: Q)

E)h~0.4eV
Eopt ~ 0.8 e V

Ap

Analagous to 3 ~, we can represent the electron capture
occurring with B~A by a transitional state 8~. The lev-
els A~ and 8~ are in a sense "hidden. " This is because
once they have emitted (A*) or captured (8~) an electron,
they disappear as the defect transforms to the other con-
figuration. Because the observation of a defect electronic
state using junction spectroscopic techniques is accom-
plished by detection of a carrier emission from that level,
8~ is essentially unobservable. It never emits an electron
because upon filling it immediately disappears as 8
transforms to A. On the other hand, 3*is more amenablc
to study because one-electron emission may be observed as
A ~8. Thus it does not appear in DLTS spectra (which
require repetitive emissions), but can be observed by
TSCAP. ' lt should be noted that configuration 8 can be
metastable at zero bias because electron capture into 8~ is
thermally activated and does not occur at low tempera-
tures. If this capture process were not thermally activat-
ed, the DLTS spectrum of 8 would not be observed be-
muse 8 would disappear during each trap-filling pulse.
However, in addition to peak EA, a DLTS peak corre-
sponding to the emission from A* would be seen. In this
case, each trap-filling and emptying cycle would involve a
tl ansformation 8~A ~8, RIld thc DLTS slgI1al would
appear as one peak with the electron emission characteris-
tics of 2 ~ and capture properties determined by configura-
tion 8.

The state labeled A2 also does not give rise to a DLTS
peak. This is 6uc to the fact that coincide~tally it is very
close in electron thermal emission rate to 3~. At the tem-
perature where A z would emit an electron, A ~ also empties
and configuration 3 transforms.

It is apparent that with somewhat different electronic
properties of either or both configurations, this analysis
would predict configurational transformations which are
m.detectable, or only partially detectable, using these ex-
perimental techniques. The EL2 center in GRAS appears
to fall in ihe latter category. Thus it is possible that
charge-state-controlled structural relaxation may be a fair-
ly common occurrence for defect complexes in covalent
semiconductors, but these effects are not easily observed.

VI. CGNCLUSIQN

FICx. 9. Energy-level diagrams for configurations A and B.

Wc have characterized the electronic Rnd Optical plop"
cI'tlcs of thc Af ccntcI' In both Qf lts conf lgux'RtloIls and ex-
amined thc transformations between configurations in-
duced by electronic, thermal, and optical stimulation. The
results can be simply and consistently explained by the
model of electrostatically driven structural rearrangement
of the defect, which produces two configurations, each
with distinct clcctI'onlc states. Thc characteristics Qf thcsc
states govern the observed properties of each configura-
tion and the kinetics of their transformations. Certain of
these properties are fortuitous in that they allow observa-
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tion of each configuration by junction capacitance
methods. We are thus lead to a more complete under-
standing of the configurational instability for the M center
than for any other covalent semiconductor defect exhibit-
ing large lattice relaxation.
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