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We have performed detailed studies on the stability of the major irradiation-induced defect H2 in
p-In,Ga,;_ P under various biases, in order to clarify the dependence of reaction rates on the position of the
Fermi level in the absence of minority-carrier injection and electron-hole recombination. The dependence of
the annealing rates on the electrical injection current has been analyzed at different temperatures by using a
variety of electrical and optical experiments, such as deep-level transient spectroscopy, thermally stimulated
capacitance, deep-level optical spectroscopy (DLOS), and photocapacitance (PHCAP). The energy of mul-
tiphonon emissions due to e-h recombination at the H2 center is estimated to be 1.36 eV. The capture cross
section of the H2 trap for electrons under e-h recombination process is evaluated as ¢,,=3 X 10~'? cm?, which
is found to be significantly larger than the hole capture cross section (o,=1X 1071 ¢cm?). The photoionization
energy 0.94+0.10 eV is estimated by DLOS and confirmed by PHCAP experiments. The Frank-Condon shift
value is estimated to be 0.45+0.10 eV. In order to fully explain the athermal annihilation mechanism of the H2
center under minority-carrier injection condition, a configuration coordinate diagram model has been proposed
based on the measured physical parameters in this study.

DOLI: 10.1103/PhysRevB.72.155320

I. INTRODUCTION

Present in-depth physics-based studies fully explore the
role of the major irradiation-induced center H2 in
p-In,Ga,_,P as an efficient electron-hole (e-h) recombination
center. The e-h recombination energy at the H2 center pro-
motes the recombination-enhanced defect reaction (REDR)
process under minority-carrier injection. In order to develop
In,Ga,_,P-based multijunction solar cell technology for
space applications, it is crucial to understand the nature of
radiation-induced defects, which affect material properties
and device performance in the space environment.

Recently, we have reported the dominant role of the major
radiation-induced defect (H2 center) in In,Ga,_P, and re-
covery of the solar cell properties under minority-carrier in-
jection annealing.'~* The marked recovery of radiation dam-
age, output power, and electron diffusion length in In Ga;_,P
solar cells induced by minority-carrier injection was found to
correlate with the annihilation of the H2 defect.!

In addition, our previous study based on thermal deep-
level transient spectroscopy (DLTS) revealed that the
minority-carrier injection annealing of the H2 center is re-
lated to the energy release mechanism.> However, the full
identification of the mechanism based on electrical and opti-
cal characteristics of the H2 center was unresolved.

The purpose of this study is to fully characterize the
dominant irradiation-induced H2 center in p-In,Ga,_P elec-
trically and optically, in order to understand the mechanism
involved in the minority-carrier-injection annealing kinetics.
Detailed studies have been performed on the stability of the
defect H2 under various biases, and of the dependence of the
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annealing rates on electrical injection current density at dif-
ferent temperatures, by using a variety of electrical and op-
tical techniques such as DLTS, double-carrier DLTS
(DCDLTS) (see Sec. II B), thermally stimulated capacitance
(TSCAP),® deep-level optical spectroscopy (DLOS),” and
photocapacitance (PHCAP).3? The motivation to use these
techniques is to correlate the results with different experi-
mental approaches, and proposed a unified configuration-
coordinate diagram of the H2 center in order to identify the
recombination-enhanced defect reaction (REDR) in
In,Ga,_,P material and solar cells.

II. EXPERIMENTAL DETAILS
A. Sample preparation

The samples studied were n*-p junction InysGagsP di-
odes, grown on GaAs substrates by metal organic chemical
vapor deposition. The n* emitter was Si doped at a level of
3% 10" cm™ and the base (0.55 wm thick) was Zn doped at
levels of 5 10'~1.5X 107 cm™ (Fig. 1). The defects were
introduced at room temperature by 1 MeV electron irradia-
tion, using a Van de Graaff accelerator. The electron fluence
ranged from 2 X 10" to 3 X 10'® cm™2, with a flux density of
1 X102 cm™2 sec™!, low enough to avoid significant sample
heating during irradiation. The electron beam was scanned in
order to ensure a uniform irradiation over the whole surface
of the sample.

B. Experimental method

Conventional current-voltage (I-V) and DLTS measure-
ments were performed, coupled with capacitance-voltage
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FIG. 1. A schematic diagram of the In,Ga,;_.P space solar cell
used in this study.

(C-V) measurements in order to determine the doping con-
centration in the p-type In,Ga,_,P-based layer. The charac-
teristics of the defects were then extracted from the DLTS
signals. The study of the capture of a minority carrier (elec-
tron) at a majority-carrier trap (the H2 center) has been car-
ried out by using the DCDLTS technique (see Sec. II B).

In order to avoid a possible thermal effect, the isothermal
capacitance transient spectroscopy mode has been used for
minority-carrier-injection annealing measurements.

For optical measurements, PHCAP and DLOS, the
samples were illuminated with monochromatic light in the
range of 600—1200 nm at low enough temperature that the
thermal emission rate e’ from the deep level was negligibly
small compared to the optical emission rate e?” (e <<e%).
The time-dependent photocapacitance signal was measured
with a capacitance meter operating at 1 MHz. The DLOS
experiment was carried out with a rate window of 35 msec in
the DLTS system. The change in photocapacitance in the
specified time interval, were recorded as PHCAP and DLOS
signals as a function of the photon energy.

C. Principle of double-carrier DLTS technique

Here we present the principle of the DCDLTS technique,
which can quantify the electron-hole recombination charac-
teristics of deep levels by using both carrier types (majority
and minority carriers) controlled by double-pulse biases as
shown in Fig. 2(a).

First, majority carriers are injected by the pulse at £=0.
After a delay W, a second minority pulse of width W,,, is
applied, as shown in Fig. 2(a). The concentration of an ion-
ized trap n;(r) in the p-type layer can be expressed using the
rate equation'® as follows:

dny(t)/dt = — e,ni(t) + nC, [Ny — ny(t)] - pCuny(t)
+e,[Np—ng(1)];
therefore
nr(Wayg) = ng(20)[1 = exp(= 7' Wy,))]
+n7(0)exp(— 7' Wa,), (1)
where

nT(OO) = (<n>cn + ep)/(<n>cn + pCp +e,+ ep)NT’

PHYSICAL REVIEW B 72, 155320 (2005)

Minority-carrier —
injection
— e

v

Majority-carrier

% T
i 10 © > C,<<pC,
o =
g £ (@~
%g ; 4 b) G, < pC,
2 /
2 ,§0'5_ B 7,’_'_ _;i);;; mwC,=pC,
g = ;o
57 |
1 o
gz |f
2| ne(0)=0
© O, =
N 0Ny
0 0 20

1
2nd pulse width W), [usec]

s

FIG. 2. (a) Double-pulse bias profile in the DCDLTS
experiment. Vi, and V,,,; control majority- and minority-carrier
injection, respectively. (b) Simulation of occupation probability of
majority-carrier (hole) for a deep-level trap under minority-carrier
injection. The parameters used in this simulation are for curves a
and e, n=p=1X10"cm™, C,=C,=Unu)0,=WV () 0,=10
—1072 m?3/sec, e,=e,= 1000 sec™!; curve b, same conditions as a
except for {(n)=5x 10" cm™3; curves ¢ and d, also the same as a
except for (n)=0.

T =(n)C,+ pCp+e,+e,.

ns(t) and Ny are the concentrations of ionized traps and de-
fect concentrations, e, and e,, are emission rate for holes and
electrons, C,, and C,, are the capture rates for holes and elec-
trons (=(v ()0, and (V) Tn)s Vnp)) and (vg(,)) are the
thermal velocities for the holes and electrons, o, and o, are
capture cross section for the hole and electron, respectively,
(n) is the averaged concentration of injected minority carri-
ers, and p is the free hole concentration in the p-type layer.

Based on Eq. (1), we can simulate the occupation prob-
ability of majority carriers (holes) for a deep-level trap under
minority-carrier injection as shown in Fig. 2(b). After
minority-carrier injection, one can see that the hole concen-
tration captured by the trap decreases with increasing
minority-carrier capture rate (n)C,.

In order to conveniently evaluate the characteristics of a
deep level, we simply express Eq. (1) as follows:

np(Wa,)/Ny= {SDLTS - SDCDLTS}/ {SDLTS} = ()0, V)W
()
Where SDLTS and SDCDLTS are the DLTS and DCDLTS Signal

intensities, respectively. Equation (2) is obtained from the
following conditions:
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nT(O) =0 (Wlsl > l/pcp) }

e, and e,<(n)C, and pC,,

(mC,>pC, and 1> (n)C,W,,,,

which can be satisfied by appropriate majority- and minority-
carrier injection conditions, W, W,,, and (n).

Therefore, evaluating the DLTS signal intensity after
minority-carrier injection, i.e., the DCDLTS signal intensity,
one can determine the e-h recombination characteristics such
as the minority-carrier-capture cross section o, under the
e-h recombination process, e-h recombination barrier height,
and e-h recombination rate of a deep-level trap.

In this paper the analysis assumed the following physical
parameters for the In,Ga,_ P diode: m,*=0.21, m, =0.80,
g,=11.8, u,=1000 cm?/V sec at 300 K (and the temperature
dependency p,*T%), and p,=120 cm?/V sec at 300 K (u,
o« T?). The parameter giving the largest error to the analysis
was the minority-carrier lifetime 7, in the p-type layer. It is
estimated at 0.1 nsec based on our basic electron beam in-
duced current (EBIC) experiment, and 7,=1 nsec in the
n-type layer.

II1. RESULTS AND DISCUSSION
A. Various annealing properties on the H2 center

In order to clarify the mechanism involved in minority-
carrier injection-enhanced annealing of the radiation-induced
defects in p-In,Ga,_,P, we have performed a detailed study
of the stability of the defects under reverse-bias and zero-
bias conditions, and of the dependence of the annealing rates
on the injection current density at different temperatures.

We carried out a systematic study of the variation of the
concentration of the deep-level H2 using a constant forward-
bias injection (0.1 A/ cm?) at various temperatures for 0.5, 1,
2, 5, 10, and 20 min. We observed very interesting changes
in the strength of the peak H2 in our DLTS signal following
forward-bias minority-carrier injection.!

The annealing rates of the H2 trap in p-In,Ga,_,P under
zero-bias, reverse-bias and forward-bias conditions have
been measured as a function of temperature by recording the
DLTS signal after each annealing step. Figure 3 compares
the Arrhenius plots of the annealing rates versus inverse tem-
perature under the various bias conditions. Interestingly,
there is no difference between reverse-bias and zero-bias
conditions, i.e., when the defect state is free of holes (under
an applied reverse bias) and filled by holes (at zero bias).
This observation rules out a charge state effect as being re-
sponsible for the annihilation of the H2 center under
minority-carrier injection. Furthermore, it is very interesting
to note that minority-carrier injection causes a substantial
reduction in the annealing activation energy E;, 0.51 eV as
compared to the thermal annealing E,;, of 1.68 eV (Fig. 4).

Here we discuss the defect reaction mechanism based on
the experimental results. In order to explain the
recombination-enhanced mechanisms''~?! in III-V semicon-
ductors, two basic mechanisms have been proposed: the so-
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FIG. 3. The annealing rates of the H2 center under pure-thermal,
reverse-bias, and minority-carrier injection conditions vs 1/7. An-
nealing kinetics for the H2 deep trap in p-In,Ga,_,P are determined
by DLTS experiments under the conditions of reverse, zero, and
forward biases (0.1 A/cm?).

called energy release mechanism and the Bourgoin
mechanism.'¥!® According to these mechanisms, defect mi-
gration energy, equilibrium, and saddle-point configurations
can be charge state dependent because of the electron-
phonon interaction of the defect with the host atoms. As a
result, trapping of a carrier, or successive trapping of carriers
of opposite charge, can result in the enhancement of defect
migration. Similarly, a change of charge states due to capture
of carriers can result in electron-phonon coupling. That is,
vibration relaxation takes place, which may activate various
reactions of the defect such as its migration and destruction,
resulting ultimately in the generation of heat in the lattice.
We now consider the e-h recombination energy at the lo-
calized H2 trap, based on its athermal rate. The temperature
dependence of the annealing rate of the H2 center under
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FIG. 4. (a) TSCAP signal when (curve a) cooling with reverse
bias; (curve b) cooling with applied zero bias to allow trap filling; at
110 K a reverse bias is applied; and (curve ¢) cooling with applied
zero bias and rewarming with applied reverse bias after minority-
carrier injection at 110 K. (b) The hole occupation probability for
the H2 trap from TSCAP experiments. a, b, and ¢ correspond to the
curves a, b, and c in (a), respectively.
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minority-carrier injection condition can be expressed as
R(T) = (4 X 10* sec™")exp[- (0.51 £0.09 eV)/kT], (3)

which can be compared to following equation proposed by
Kimerling et al.:

RY(T) = A" exp[- (AH" = E}5)/KT], (4)

where, A™ is the prefactor of the reaction rate, AH™ is the
activation energy under a pure thermal annealing process,
E’?, is the e-h recombination energy at the trap, and k is the
Boltzmann constant. Compared to the experiments, they can
be estimated at A"=4 X 10* sec™!, AH"=1.68+0.15 eV and
E’, is 1.17x0.17 eV. The part of the exponent of the reac-
tion rate AH™—E'" (energy barrier) gives the activation en-
ergy under minority-carrier injection, and the electronic en-
ergy (E.%,=~ 1.2 eV) which contributes to the defect reaction
rate is the e-h nonradiative recombination energy at the lo-
calized H2 center.

The above discussion is, however, based on some assump-
tions, that the dominant irradiation-induced H?2 center in
In,Ga,_,P acts as an efficient nonradiative e-h recombination
center, and the recombination energy is transferred to the
defect reaction process. The following should therefore be
verified: (i) the nonradiative e-h recombination characteris-
tics of the trap; (ii) the temperature-dependent capture cross
section, in order to verify multiphonon emission; (iii) the
optical ionization energy of the trap for holes, in order to
evaluate the Frank-Condon shift, which corresponds to the
electron-lattice interaction (lattice relaxation) energy.

Thus we carried out experiments to determine the above
physical parameters of the dominant irradiation-induced H2
center in In,Ga,_P-based solar cells.

B. Nonradiative e-h recombination characteristics
on the H2 center

1. Verification of nonradiative e-h recombination
center on the H2 center

a. Thermally stimulated capacitance analysis. First, in or-
der to verify the e-h recombination at the H2 center qualita-
tively, a thermally stimulated capacitance measurement was
performed. The curves shown in Fig. 4(a) give the change in
capacitance for an electron-irradiated cell as a function of
temperature, as the sample is heated from 110 K. The curves
a, b, and ¢ in Fig. 4(a) correspond to the following bias
conditions.

(i) Cooling from room temperature to 110 K under re-
verse bias and followed by warming with no change in bias.
This curve (a) corresponds to the temperature dependent ca-
pacitance of the sample in the absence of carrier emission
since no capture was allowed. This image is shown in Fig.
4(b) curve a. The H2 trap was not filled with holes during
the scanning of the temperature. This provides the reference
curve marked a in Fig. 4(a).

(ii) Sample is cooled from room temperature to 110 K
under zero applied bias to allow trap filling at the H2 center.
At 110 K, a reverse bias is applied during the TSCAP heat-
ing scan. The hole emission process from H2 is shown by
curve b in Fig. 4(a).
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FIG. 5. (a) Systematic reduction of the DCDLTS signal intensi-
ties for the H2 trap under minority-carrier injection. The signal
reduction indicates that the H2 center plays a role as an electron-
hole recombination center. (b) The reduction in the DCDLTS inten-
sities is proportional to the minority-carrier injection density (n),
and to the injection pulse width W,,,. Clearly, the DLTS signal
intensity is decreasing systematically with increasing minority-
carrier injection density (n)W,,,.

(iii) This condition was the same as the condition (ii)
except forward bias was applied for minority-carrier injec-
tion at 110 K, in order to ionize the trap through e-h recom-
bination. This condition corresponds to curve ¢ in Fig. 4(a).

It is clear from Fig. 4(a) that curves a and b do not coin-
cide at lower temperature (110—200 K), having a separation
that corresponds to the change in capacitance due to the cap-
ture of a hole at the H2 center. The shoulder on signal b at
about 150 K originates from the ionization of the emission of
the hole for the H2 trap due to its activation energy
(0.55 eV). The ionization due to electron injection at 110 K
indicates that electron-hole recombination took place at the
H?2 center. We can see that at about 150 K, signal ¢ shows a
reduction of ionization from the H2 trap; this result also
indicates that e-h recombination occurred at the H2 center at
110 K.

b. DCDLTS analysis. In order to quantify the e-h recom-
bination characteristics of the H2 center, we carried out
DCDLTS experiments.

Figure 5(a) shows DCDLTS and DLTS signals from the
H?2 trap in InGa,;_,P. The DLTS signals before and after
1 MeV irradiation are shown in the same figure. The H2 trap
cannot be detected as a native defect in the sample before
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FIG. 6. The temperature dependence of the hole and electron
capture cross sections of the H2 trap. Solid lines show a least-
squares fit to the data.

irradiation; however, the center shows a steady increase with
increasing electron fluence.

The broken line in Fig. 5(a) shows a pronounced decrease
in the H2 signal under the second pulse V,,,=2.4V, W,,,
=10 usec.

Clearly, the DCDLTS signal intensity is decreasing sys-
tematically with increasing minority-carrier injection
(n)W,,.. This indicates that the deep-level trap H2 is efficient
in capturing electrons and acts as an e-h recombination cen-
ter.

The reduction of the DCDLTS intensities is plotted as a
function of the minority-carrier injection (n)W,,,; as shown
in Fig. 5(b). The intensities are proportional to minority-
carrier injection density (n), and to the injection pulse width
W,,q- Based on Eq. (2), the slope of the line in Fig. 5(b)
divided by the thermal velocity of electron (v ) gives the
capture cross section for the minority carrier, o,, at each
temperature.

2. Measurement of capture cross section and recombination rate
of the H2 center

The temperature dependence of the capture cross section
was investigated by repeating the DLTS measurement, over
the temperature range 220-280 K, the data are plotted in
Fig. 6. One can see that the capture cross section for an
electron is about three orders of magnitude greater than that
of the hole at 270 K. This indicates that the H2 center can act
as a strong electron-hole recombination center.

The capture cross sections for holes o, and for electrons
o, show an increase with temperature following an Arrhen-
ius behavior,

o-n(T) = G-n(oo)exp(_ Ee,cap/kT)
=(3 X 1072 cm?)exp[— (0.15+0.10 eV)/kT], (5)

O-p(T) = Up(oo)eXP(— Eh,cap/kT)
=(1 X 107" cm?)exp[- (0.06 = 0.03 eV)/kT]. (6)

E, qp corresponds to the energy barrier height of the e-h
recombination process. It is noteworthy that the barrier
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FIG. 7. Variation of the annealing rate at 300 K as a function of
minority-carrier injection current density.

height E, ., is large, indicating that at room temperature the
H?2 trap acts as an active e-h recombination center. However,
at low temperature (<100 K) the center no longer acts as an
e-h recombination center, owing to its large barrier height
Ee,ca[r

Equations (5) and (6) can be understood more clearly
when compared with minority-carrier injection dependence
of the annealing rates of the H2 trap, shown in Fig. 7. Based
on the capture cross sections determined by the DCDLTS
experiment, both capture rates for electron and hole at 300 K
are expected to be equal at a current J=1 A/cm?, because
the e-h recombination rate (XU (n) T, = PV T
=10’ sec™!. In the annealing experiment in Fig. 7, one can
see the saturation of the annealing rate takes place about J
=1 A/cm? In the low-forward-current-density region in
Fig. 7, the injection annealing rate A* of the H2 trap is pro-
portional to the forward current density J, because in this
case the minority carrier is the limiting process such that
(n)C,<pC,. On the other hand, at relatively high current
density (>0.8 A/cm?) the annealing rate versus forward cur-
rent density is almost close to saturation so in this case ma-
jority capture is the limiting process (n)C,>pC,, with the
result that the recombination rate A™ is independent of the
current density.

We can confirm, therefore, that the cross sections evalu-
ated by this study are in good agreement with the annihila-
tion rate and the e-Z recombination rate.

Further information obtained from this experiment is that
the barrier heights E, .,,.E}, ., are not equal to zero. This
indicates that the H2 center should be configured when the
trap captures an electron or a hole (see Sec. III D), i.e., this
center is a lattice-relaxation-type defect.

From these results, it follows that (i) the H2 center in
p-In,Ga;_,P acts not only as a hole trap, but also as an effi-
cient nonradiative recombination defect under minority-
carrier injection condition, e.g., the device operation condi-
tion; (ii) the driving force of the H2 trap under the athermal
annealing process is due to the multiphonon emission in-
duced by the e-h nonradiative recombination energy into the
localized center.

In the next section we described the ionization character-
istics at the H2 center, in order to discuss the lattice relax-
ation energy of the trap.
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FIG. 8. (a) Photocapacitance signals for hole emission from the
H?2 trap for different photon energies. Clearly, the time constant for
the ionization of the H2 trap depends on excitation wavelength. (b)
Photocapacitance spectrum obtained at 7=107 K as a function of
photon energy. The solid curve in the figure is a theoretical curve
(Ref. 12). The threshold photoionization energy was estimated at
0.95+0.10 eV by theoretical fitting.

C. Optical ionization characteristics at the H2 center

1. Photocapacitance analysis

To further elucidate the role of the H2 trap as a lattice-
relaxation-type defect, we measured the optical characteris-
tics of the H2 center using photocapacitance analysis. This
method uses optical excitation to monitor deep levels in a
semiconductor, and the data take the form of the spectrum of
the steady-state capacitance as a function of photon energy.

For the measurements of PHCAP and DLOS, the sample
was first applied with zero bias followed by reverse bias
-3 V, in order to fill the H2 center with holes. After applying
the reverse bias, the change in the capacitance was monitored
under illumination with monochromatic light in the range of
600—1200 nm at sufficiently low temperature (e <<e").
Then the time-dependent photocapacitance signals were
measured with a capacitance meter for the PHCAP experi-
ment.

Figure 8(a) shows photocapacitance transient curves for
different energies as a function of illumination time at low
temperature (110 K: e, <¢%). We can observe the time
constant for the ionization for the H2 trap?? and its depen-
dence on the excitation wavelength.

Figure 8(b) shows the excitation photon energy depen-
dence of the time constant of photoionization for hole emis-
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FIG. 9. DLOS signal for hole emission from the H2 trap. The
photoionization energy is estimated at 0.94+0.10 eV, in agreement
with the PHCAP experiment.

sion from the H2 trap. The step around 1.9 eV in Fig. 8(b) is
due to the band-gap excitation; the signal from the H2 trap
comes out about 1 eV. The threshold photoionization energy
of the H2 center for holes is evaluated theoretically!! as fol-
lows:

O_OPI(E) — C[(Eopt)OS(E _ Eopt)l.S]/E3 , (7)

where 7" is the optical cross section for the emission of a
carrier, E is the excitation photon energy, C is the propor-
tionality factor, and E°" is the threshold photoexcitation en-
ergy.

The threshold photoionization energy for holes of the H2
trap was estimated at 0.95+0.10 eV by fitting the data shown
in Fig. 8(b).

2. DLOS analysis confirmed PHCAP photoionization energy

In order to confirm the PHCAP experiment, DLOS
analysis'! was carried out at 110 K, targeting the DLTS sig-
nal from the H2 center. In the DLOS method the photoion-
ization spectrum is obtained by measuring the initial rate of
change of transient capacitance of the H2 center in response
to excitation by radiation of known wavelength. The photo-
ionization energy 0.94+0.10 eV was estimated by DLOS ex-
periment as shown in Fig. 9.

From the above optical experiments, we can evaluate the
Frank-Condon shift value dp. (the difference between the
photoionization energy 0.94eV and the deep level
0.55-0.06 V) of the H2 center, at 0.45¢eV. This corre-
sponds to the reduction of the system energy when the trap
captures a hole (see Fig. 10). This significant value indicates
that this center is a strong electron-lattice relaxation-type de-
fect.

D. Determination of configuration coordinate of the H2 center

The physical parameters determined in this study can be
represented schematically by the configuration-coordinate
diagram for the defect H2 as shown in Fig. 10; the param-
eters are summarized in Table I. This figure shows the sys-
tem energy as a function of the configuration coordinate of
the H2 center Q. This diagram of the trap can be divided into
three branches.

155320-6



ELECTRICAL AND OPTICAL PROPERTIES OF...

3.0

/
| H2:p-InGaP D% h*, e
2.5L Oheo -exp(-Allj/kT) _
Ges=8X 10° D%, €]
= 0.06+0.03eV 1
e A
L 201 0.940.10eV 7
> § AF, op
54 AR "
c 1.5+ _
= | Op5005eV \ 0.25£0.13¢V |
s G2 X 107
‘g‘ 1.0+ E, Coco - Xp(-AE/KT)
& 1.85¢V /é/ /z) qu’ 1
i
0.5f o e-h recombination energy
D] =1,36 0.1eV
(AEapea=1.1eV)
0.0
Configuration

FIG. 10. Configuration-coordinate diagram of the H2 center. At
the branch [Dg,h*,e7], the trap is neutral with free hole (i) and
free electron (e7). At the branch [Dy—h*,e”], the hole is captured
by the H2 center, and the electron is free. At the branch [Dy], (D,
—h*—e~— Dy; recombination energy), the trap is neutral again after
electron-hole nonradiative recombination.

(1) The branch [Dg,h*,e”] shows the H2 trap in its neu-
tral state, with a free hole (h*) and free electron (e”).

(2) The branch [Dy—h*,e”] shows the H2 trap after a hole
is captured and the electron is free.

(3) The branch [Dy] (Dy—h*—e~— Dy; recombination en-
ergy) shows the trap in its neutral state again having medi-
ated electron-hole nonradiative recombination.

The minority-carrier capture occurs mainly at the crossing
point A (Fig. 10) while the majority-carrier capture is at the
point B, and hence the pair is lost by nonradiative recombi-
nation through the defect.

When the defect vibrates, the relative position of the cen-
ter compared to its neighboring atoms also changes, i.e., the
lattice energy E; moves up or down in a branch. When the
lattice energy is sufficiently large relative to the capture bar-
rier (E,>E,,,), the deep center can capture a carrier. If the
defect captures a minority carrier after a majority carrier, the
lattice near the center immediately vibrates violently, dissi-
pating the e-h recombination energy, and moves directly to
an equilibrium position in the system. This e-h recombina-
tion energy, is emitted into the localized H2 trap and assists
its motion.

The defect motion should not be confused with vibrations
that are not damped by phonon propagation away from the
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location of defect. The prefactors of the exponents in the
pure and athermal annealing rates are not equal (Fig. 3),
indicating that the defect motions are different from each
other. The straight motion of the defect by the REDR effect
can be used for its annihilation.

Thus we can discuss the e-h nonradiative recombination
energy based on the REDR energy release mechanism and
the configuration-coordinate diagram determined in this
study. The thermal emission of a hole from the trap is the
reverse of the capture with a different barrier, Eﬁﬁem
=0.55 eV, known as the activation energy. Thus, for the de-
fect H2, the barrier activation energy (Ej .,
=0.06=0.03 eV) must be subtracted from the empirical acti-
vation energy (E;ffem=0.5510.03 eV) for thermal emission in

th

order to obtain the true deep-level depth (E;=E},,,—E} cqp
=0.49+0.03 eV) appearing in the detailed balance equation

e;;h = O-p(T)<Uth(p)>NV exp(_ ET/kT) s (8)

where Er=E},,~E}, cap-

The level associated with the H2 defect (E,+0.49 eV) is
consistent with the observation that this defect plays the role
of a nonradiative recombination center. As shown in Fig. 3,
minority-carrier injection causes a substantial reduction in
the annealing activation energy E; as compared to the ther-
mal annealing activation energy E,, from 1.68 to 0.51 eV.
The difference of 1.17 eV is the apparent energy transferred
during electron capture. The energy which is released by
electron trapping at the defect site is equal to the band gap of
In,Ga,_,P at room temperature, about 1.85 eV, minus the
true energy position (ErzEzlfem—Ewp’h) of the defect H2 rela-
tive to the valence band, 0.49 eV, giving a value of
1.36x£0.03 eV.

Thus the energy of multiphonon emission due to the e-h
recombination at the H2 center is evaluated as 1.36x0.03 eV
[E,~(AE},,~AE,,,;)=1.85-(0.55-0.06) eV]  obtained
from the configuration-coordinate diagram. Under the ac-
ceptable error range, this value corresponds to the energy
reduction in the annealing experiments 1.2+0.2 eV between
the pure-thermal and the minority-carrier injection (REDR).
Therefore, the enhanced defect annealing at the H2 center
(by electron injection) can be identified as the REDR effect
and its large lattice relaxation.

Figure 11 shows that the saturated annealing rate in two
different samples is directly proportional to the majority-

TABLE 1. The physical parameters for the major irradiation-induced center H2 trap in the p-In,Ga;_P
cell. a,(T)=3 %1072 exp[—(0.15+0.10)/kT]; 0,(T)=1X 10719 exp[—(0.06+0.03) /kT].

Trap parameters

H2 in p-In,Ga;_P (eV)

Band gap E,

. h
Thermal activation energy for hole AEZ’ om

Capture barrier height for hole AE), .,
Optical activation energy for hole AE},

Frank-Condon shift value dy¢

Capture barrier height for electron AE, , (AE, )

. H rec
e-h recombination energy E”;

1.85
0.55+0.03
0.06+0.03
0.94+0.10
0.45+0.10
0.15+0.10

1.36+0.0
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FIG. 11. Saturated recombination annealing rate of the defect
H?2 as a function of free-carrier concentration. The solid line is a
linear fit to the data.

carrier (hole) concentration. This is only possible if the en-
hancement is proportional to the recombination rate. This is
further supporting evidence that the observed minority-
carrier injection annealing effect for the defects H2 occurs
only with recombination and is independent of the defect
charge state (Fig. 3).

IV. CONCLUSION

We have performed detailed studies on the stability of the
defect H2 under various biases, and of the dependence of the
annealing rates on electrical injection current densities at dif-
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ferent temperatures by using a variety of electrical and opti-
cal techniques such as double-carrier DLTS, thermally stimu-
lated capacitance, deep-level optical spectroscopy, and
photocapacitance. The present in-depth physics-based studies
fully explore the role of the major irradiation-induced center
H2 in p-In,Ga,_,P as an efficient electron-hole nonrecombi-
nation center. The e-h recombination energy at the H2 center
has played a role in promoting a marked recombination-
enhanced defect reaction process under the minority-carrier-
injection condition. A coherent picture of the H2 center in
view of the electrical and optical experimental data analysis
can be summarized as follows.

(1) Multiphonon emission during hole capture in the H2
center has been confirmed, i.e., the capture cross section of
the electron is about three orders of magnitude larger than
the hole capture cross section.

(2) A strong e-h recombination on the H2 trap has been
verified by TSCAP and DCDLTS experiments.

(3) The photoionization energy (0.94 eV) estimated by
DLOS confirmed the PHCAP experiments. The Frank-
Condon shift value is 0.45 eV, which indicates that this cen-
ter is a strong electron-lattice relaxation-type defect.

(4) A large Stokes shift is in good agreement with the
proposed configuration-coordinate diagram model.

Analysis of the results based on a variety of experimental
techniques reveals that the mechanism involved in the
minority-carrier injection annealing of the defect is the en-
ergy release mechanism, in which enhancement is induced
by the energy that is released when a minority carrier is
trapped on the localized H2 center.
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