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Minority-carrier recombination in p-InP single crystals
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We present a comprehensive and systematic study of minority-carrier lifetime and recombination mecha-
nisms in p-InP single crystals. The study is based on steady state and time-resolved photoluminescence
measurements at a wide temperature range~15–300 K!. Possible recombination mechanisms are analyzed and
compared in order to assess their influence on the free electron lifetime. It was found that nonradiative
recombination at Zn-induced neutral acceptor centers is responsible for the short minority-carrier lifetime in
this crystal down to a temperature of around 30 K. At lower temperatures three main processes determine the
lifetime: radiative band-to-band recombination, radiative recombination in the deep acceptor level, and trap-
ping at the shallow unintentional donor impurity centers.
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I. INTRODUCTION

The lifetime of excess carriers in semiconductors has b
and continues to be of great interest both from technolog
and fundamental points of view.1–4 From a fundamenta
point of view, it provides information on carrier scatterin
capturing, and recombination mechanisms.5–7 The techno-
logical importance is motivated by the performance of so
state devices such as lasers, light-emitting diodes, and s
cells.8 In the last decades there has been considerable int
in InP both as a prototypical III-V compound suitable f
basic studies and as a potential candidate for a variet
electronic and optoelectronic devices. InP plays a crucial
in the high performance of Ga12xInxAs12yPy ~Ref. 9! and
Ga12xInxAs ~Ref. 10! avalanche photodiodes, lasers, a
light emitting diodes. It also has important applications
integrated electron optics and in a variety of microwave a
high-speed digital circuits11 due to its high saturation drif
velocity and high mobility. Recently, InP solar cells ha
been recognized as having great potential for space app
tions because of their extraordinary radiation resistance12 and
high efficiency.13

In spite of the numerous applications of InP, little h
been done regarding study of its bulk lifetime and carr
recombination mechanisms. In a recent review article14 it has
been shown that the lifetimes measured inn-type crystals are
in the range of 1–3000 ns~at 300 K!, depending on crysta
quality and growth methods. In the past we have show16

that at 300 K in Si-dopedn-InP (n054.831016 cm23) the
dominant bulk recombination mechanism is radiative. On
other hand, the lifetime of electrons inp-InP was found to be
much shorter and the dominance of nonradiative recomb
tion was suggested.15–17 Based on the data published durin
the last decade we can conclude that the lifetimes inn-type
samples are typically two orders of magnitude larger th
that of p-type InP. A similar trend was found for CdTe,18,19

although it is based on a smaller number of measureme
It is well known that the bulk minority-carrier recombina

tion lifetime in semiconductors varies by many orders
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magnitude, depending upon doping type, impurity concen
tion, and growth technique.21 Even though the lifetime data
is so disperse, one apparent trend is found in several d
bandgap semiconductors in general and in InP in particu
The trend is thatthe bulk nonradiative recombination life
time measured in n-type semiconductors is usually equa
larger than that measured in p-type semiconductors dope
the same level. We have never found a case in which th
nonradiative recombination lifetime inn-type semiconduc-
tors is shorter than that measured inp-type semiconductors
with the same doping concentration. A similar trend was a
found by measurements conducted by many ot
groups.12,14,17

We have carried out an extensive and systematic stud
the carrier recombination in bothn- and p-type InP using
temperature-dependent time-resolved photoluminesce
~TRPL! method. It is found that forp-InP the lifetime is very
short due to a dominant deep neutral acceptor levels. On
other hand, inn-InP the recombination at high temperatur
~.100 K! is governed by radiative band-to-ban
transitions.20 In this manuscript we report on the study
p-InP. The experimental methods and results are descr
in Secs. II and III, respectively, and a detailed theoreti
analysis is presented and discussed in Sec. IV.

II. EXPERIMENTAL

The samples were LEC grown~100! wafers of Zn-doped
InP with two doping levels:NA5431016 cm23 ~Crysta-
comm Inc.! and NA51.531016 cm23 ~Nippon Minning,
Inc.!. All the presented experimental data corresponds to
‘‘Crystacomm, Inc.’’ sample; almost identical results we
obtained for the other sample~Nippon Minning, Inc.!. The
samples were etched by aqua-regia and rinsed by deion
water before the measurements.

The TRPL setup, described in detail in Refs. 20 and 22
based on a cw diode-pumped Nd:YAG laser~Millennia,
Spectra Physics, Inc.! pumping a Ti-sapphire laser~Tsunami,
©2003 The American Physical Society10-1
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Spectra Physics, Inc.!, which provides high repetition rat
~80 MHz! of short pulses with full width at half maximum o
about 1.1 ps. The laser repetition rate is reduced usin
pulse picker~model 3980, Spectra Physics, Inc.! to a rate of
4 MHz or 800 kHz. The laser beam power~typically at 730
nm! and spot size are adjusted to create an initial electr
hole concentration from 1014 cm23 up to 531018 cm23 in
order to prevent crystal heating and surface damage.
photoluminescence~PL! emitted from InP is collected by a
combination of a subtractive double monochromator,
cooled multichannel plate photomultiplier~Hamamatsu
R3809! and a time-correlated single-photon-counting~TC-
SPC! system. The overall instrument response~full width at
half maximum! is about 30 ps.

III. RESULTS

A. Energy resolved PL spectra

Figure 1 shows a typical temperature dependence of
steady state photoluminescence~PL! spectra of a Zn-doped
InP sample. The figure presents the steady state PL spec
one of the Crystacomm samples (NA5431016 cm23),
wherea, b, c, d, ande correspond to temperatures of 15, 6
120, 200, and 270 K, respectively. Similar spectra were
tained for thep-InP samples of Nippon, Inc.

In order to correctly analyze the PL decay of the measu
PL peaks observed in the energy-resolved spectra, the m
surements were carried out in the following manner. All t
PL spectra were measured under ‘‘quasi-steady-state’’ co
tions, i.e., excitation with the pulsed laser~using the same
carrier injection levels as in the time-resolved measurem
presented below! and recording the time-integrated lumine
cence intensity. This is because TRPL measurements ha
be conducted under relatively high injection conditio
@Dn(t50)>131014 cm23# in order to have a reasonab
PL signal at short times~;30 ps! following excitation. Un-
der such injection levels, the PL peaks are wide, typica
10–20 meV at full width at half maximum~FWHM!, at T
515 K. In such a case many adjacent PL transitions of
ferent nature, mainly these involving shallow donor and
citonic transitions, overlap. Another way to overcome t

FIG. 1. Typical photoluminescence spectra ofp-InP measured
at five different temperatures of a: 15, b: 65, c: 120, d: 200, an
270 K.
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difficulty is to measure the energy-resolved PL spectra
very long delay times~microseconds! after the laser pulse; a
such time the excess carrier concentration is very low,
the fast radiative recombination processes are not obser
Using such approach, Gilinskyet al. have been able to ob
serve very shallow-acceptor-related PL transitions in h
purity GaAs.23

The PL spectra in Fig. 1 show two PL peaks at low te
peratures and a single relatively broad peak, located aro
the bandgap energy above a temperature of;200 K. Below
this temperature the second peak appears as a shoulder
B-B peak at the energy of 36 meV below the first peak. T
intensity of this peak increases with decreasing tempera
as observed in the figure. This peak has been previo
attributed by many authors to conduction band-to-accep
(C-A) or donor-to-acceptor (D-A) transitions.24–32 All the
measured PL spectra indicate that no distinct donor impu
band exists in any of thep-type samples. Such a band shou
appear at 7–10 meV below theB-B peak29 at very low tem-
peratures due to donor-to-valence band (D-V) transition.
This peak is not observed at any of our spectra due to
reasons: first, the very low concentration of unintention
shallow donor states inp-InP, and second, the FWHM of th
B-B peak at 15 K is around 12 meV, thus it is merged w
this peak. Therefore each of the two main PL peaks app
ing in our spectra is a superposition of several transition

The main transitions inp-InP ~at temperatures.15 K) are
summarized in Fig. 2. The two peaks observed in our
spectra, and which are studied by TRPL, are theB-B transi-
tion ~overlaps with theD-V transition, here after called th
band edge peak! and theC-A transition, which overlaps with
the D-A transition, here after called the acceptor PL pe
The energy separation between the band edge and acc

e:

FIG. 2. Schematic energy bands diagram showing the main t
sitions for excess electrons inp-InP.
0-2
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peaks is constant with temperature at a value of around
meV; this is consistent with Zn-induced acceptor states
InP.26 In both cases the temperature dependence of the
energy is consistent with the bandgap-energy temperature
pendence of InP.29 Though not visible on the linear scale o
Fig. 1, a third peak located;40 meV below theC-A peak,
can be observed when using a logarithmic scale for the
intensity. This peak is attributed to the LO phonon replica
the C-A transition in agreement with the LO phonon ener
for InP of 42.8 meV.33

B. Time-resolved photoluminescence

The TRPL spectra, measured under low excitation con
tions (Dn5Dp<1015 cm23), are presented in Fig. 3. Figur
3~a! shows the TRPL spectra of the band edge peak m
sured at temperatures of a: 15, b: 30, c: 45, d: 120, and e:
K; Fig. 3~b! shows the TRPL spectra of the subbandgap
ceptor PL peak measured at temperatures of a: 14, b: 1
24, d: 34, and e: 39 K. The TRPL spectra of the second p
did not change at temperatures higher than 39 K.

The effective electron lifetime valuet was extracted from
these TRPL data. The method, described in the past,16 is
based on comparing calculated and experimental PL de
profiles. The normalized, time-dependent PL intensityI (t) is
calculated for a semi-infinite crystal as

I ~ t !5E
0

`

~n01Dn!~p01Dp!exp~2aLx!dx, ~1!

FIG. 3. ~a! Photoluminescence decay curves of the band-to-b
PL peak measured under low injection levels at temperatures
15, b: 30, c: 45, d: 120, and e: 300 K;~b! Photoluminescence deca
curves of the acceptor~subbandgap! PL peak measured at five dif
ferent temperatures of a: 14, b: 18, c: 24, d: 34, and e: 39 K;
TRPL spectra did not change at temperatures higher then 39 K
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where aL is the absorption coefficient for the gap
luminescence wavelength, andp0 andn0 are the equilibrium
concentrations of holes and electrons, respectively. Assum
that the excess electron concentrationDn is balanced by the
excess hole concentrationDp ~local electroneutrality!, that is

Dp~x,t !5Dn~x,t ![DC~x,t !, ~2!

the value ofDC(x,t) can then be calculated using the amb
polar diffusion equation

]DC~x,t !

]t
5D*

]2DC~x,t !

]x2 2
DC~x,t !

t
1g~x,t !, ~3!

where the generation function is given by

g~x,t !5g0~ t !a exp~2ax!. ~4!

D* is the ambipolar diffusion constant,g0(t) is the genera-
tion rate defined by the temporal shape of the exciting la
pulse, anda is the absorption coefficient at the laser wav
length.
The boundary conditions for Eq.~3! are

]DC

]x U
~x50,t !

5
S

D*
DC~x50,t !,

DC~x→`,t !50, DC~x,t50!50, ~5!

whereS is the effective surface recombination velocity. W
have used the well known analytical solution for Eq.~3!
~Refs. 16 and 34! derived by Vaitkus in order to extract th
effective bulk lifetime from the TRPL data.

There are several approximations in using the Vaitk
analytical solution for the experimental data. First, the am
polar equation is valid only under high injection~flatband!
conditions. Since in this study we are interested only in l
injection bulk~and not surface! recombination processes, a
the measurements are conducted in the presence of su
electric field. The main effect of such a field is to drift th
minority carriers~electrons! towards the surface and increa
the surface recombination rate. This effect has been ca
lated by us in the past, and was found to affect only the fi
part ~1–2 ns! of the PL decay curve.35 Moreover, since we
are interested here in fitting the bulk lifetime, the surfa
effect is not important; in any caseS, the surface recombina
tion velocity should be regarded as the effective velocity
the edge of the space charge region. Second, as wil
shown below~Sec. IV E!, the PL decay of the second peak
also affected by the trapping in the shallow donor states
low temperatures. Thus in order to accurately model the
decay of this peak, this trapping process must be include
the model using the appropriate rate equation~describing the
carrier trapping and emission from the shallow level19!
coupled to the electron continuity equation. Thus we co
sider the fit to the experimental data@based on the analytica
solution of Eq.~3!# as a good approximation that allows us
determine the different recombination processes, and to
mate the recombination parameters. A more accurate m
including the shallow trapping level kinetics is in prepar
tion.
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The temperature dependencies of the bulk effective l
time values, extracted from fitting the PL decays of the ba
edge~for two of the measuredp-InP samples! are shown in
Fig. 4~a!; the small difference in lifetime~4 versus 6 ns a
high temperatures! is attributed to sample growth quality an
not to any significant physical reason. Figure 4~b! shows the
effective lifetime extracted in a similar manner for the acce
tor PL peak. The following parameters were used in the
ting procedure: absorption coefficient at the exciting la
wavelengtha523104 cm21, absorption coefficient at the
PL wavelengthaL533103 cm21, the ambipolar diffusion
coefficient D* (300 K)55 cm2/s, and an effective surfac
recombination velocityS513104 cm/s. The diffusion coef-
ficient temperature dependenceD(T) was calculated using
the well known Einstein relation and the temperature dep
dence of the mobility in InP.14,43A visual fit to the data was
performed by changing only the effective bulk lifetime,t,
and keeping all the other parameters constant.

The error bars represent the accuracy~610%! of the fit-
ting process; in other words, such a change int would result
in a similar quality visual fit to the data. It is observed th
the effective PL lifetime corresponding to the band ed
@Fig. 4~a!# is almost unchanged with temperature in the ran
15–300 K, while that of the second peak changes drastic
in the 14–40 K temperature range and then stays mor
less constant close to the value of the band edge PL pea
the next section these trends are analyzed in detail, and

FIG. 4. ~a! The effective bulk lifetime~t! as a function of tem-
perature extracted from fitting the PL decay of the band edge
peak, Fig. 3~a!. The error bars account for the accuracy~610%! of
the fitting process.~b! The effective lifetime~t! as a function of
temperature extracted from fitting the PL decay of the acceptor
peak, Fig. 3~b!. The solid line is a fit to the experimental data bas
on Eq.~43!.
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shown that the deep Zn0 neutral acceptor centers are gover
ing the recombination processes inp-InP and are responsibl
for the short minority-carrier lifetime in this semiconducto

IV. ANALYSIS

A. General

In the analysis of the PL data we will distinguish betwe
the band edge and the acceptor PL peaks and will take
account their complex character. The band edge peak
superposition of at least two radiative transitions: the ba
to-band transition, and a transition from the unintention
shallow donor states to the valence band. At low tempe
tures the luminescence caused by recombination of free
bound excitons is also present.26 Only at relatively high tem-
peratures when the contribution of the exciton recombinat
is suppressed, and the shallow donor states are all ioni
the decay rate of the band edge peak represents directly
recombination kinetics of the conduction band electrons. T
second luminescence peak is a superposition of two radia
processes: radiative transitions of electrons from the cond
tion band to the deep acceptor level and tunneling recom
nation of electron-hole pairs localized at the donor and
ceptor states, respectively. Below we analyze in detail
main recombination processes that affect the minority car
lifetime. By comparing the calculations to the decay rate
the acceptor PL peak we show that the dominant recomb
tion process is the nonradiative recombination at the d
acceptor levels~C-A transition!. This process is responsibl
for the very short electron lifetime at temperatures high
then 40 K found inp-InP.

B. Radiative band-to-band recombination

The radiative band-to-band electron lifetime inp-type
semiconductors under low carrier injection levels is giv
by36

tCV5
1

B@Dp1p0~T!#
, ~6!

whereB is the radiative rate constant, given by37

B5
~2p!3/2\e0

2nr

cm0
5/2~kT!3/2 S m0

me1mh
D 3/2S 11

m0

me
1

m0

mh
DEg

2, ~7!

where me is the electron effective mass in the conducti
band,mh is the hole effective mass in the valence band,m0
is a free electron mass,nr is a refractive index, andc is the
velocity of light. The temperature dependence of the rad
tive recombination rate constant may be written asB
5B0(300/T)3/2, where B052310211 cm3 s21 for InP
crystals.16 Even whenp5431016 cm23 ~complete acceptor
ionization!, the corresponding radiative lifetimet r>500 ns.
Comparing this value with the measured effective bulk li
time shows that the radiative band-to-band recombina
cannot be the dominant mechanism inp-InP at least at high
temperatures.

L

L

0-4



a
n
ig

re
-
6.

r-
.
ti
t

,
o
at

e-
th
no
h

r

P:
t

re
h
y

ve
e

,
m

o

-

ied

two

MINORITY-CARRIER RECOMBINATION IN p-InP . . . PHYSICAL REVIEW B 68, 115210 ~2003!
C. Nonradiative Auger recombination

Nonradiative recombination can be carried out through
Auger process, where the recombination energy is tra
ferred to a third carrier, free or bound, and hence it is s
nificant only at very high carrier concentrations.36,38 The
electron lifetime for this process is given by38

tAuger5
1

CpppA
, ~8!

wherepA is the concentration of bound holes in the cor
sponding gap level, andCp is the Auger recombination co
efficient, that at room temperature in InP is equal to
310229 cm6 s21.38 For p5pA5431016 cm23 the Auger
lifetime tAuger54.131025 s; this value is at least three o
ders of magnitude larger than that measured in this study
summary, neither nonradiative Auger processes, nor radia
band-to-band recombination processes can account for
very short electron lifetime~few ns! measured inp-InP.

D. Donor-acceptor tunneling recombination

The electron located at a donor atomD is capable of
tunneling to an acceptorA and recombining with the hole
localized in this acceptor. The probability that an electr
tunnels a distancer between a donor and an acceptor st
is39

W~r !5W0 exp~2r /r 0! ~9!

whereW0 is the coefficient with the dimensions of the fr
quency andr 0 is a parameter representing the decay of
wave functions of the donor and acceptor. Usually the do
radiusr d is much larger than the acceptor radius. In suc
case

r 05
1

2
r d . ~10!

The probability of an electron present in a donor at timet is39

Q~ t !5e4ppA*0
`

@e2W~r !t21#r 2dr, ~11!

wherepA is the hole concentration in the acceptors. Diffe
entiatingQ(t) with respect to time, we obtain

dQ~ t !

dt
52Wtun~ t !Q~ t !, ~12!

where

Wtun~ t !54ppAE
0

`

W~r !e2W~r !tr 2dr ~13!

is the tunneling rate at timet. From Eqs.~9! and ~13! we
obtain

Wtun~ t !58ppAW0r 0
3(

n50

`
@2W0t#n

~n11!! ~n11!2 . ~14!

The highest tunneling probability will be att50, hence using
Eq. ~14! we obtain
11521
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Wtun~ t50!5BtunpA , ~15!

where

Btun58pW0r 0
3 ~16!

is the D-A tunneling recombination rate constant. In In
W056.53107 s21, r 05531027 cm25, so the rate constan
Btun52310210 cm3/s.

E. Radiative recombination at the deep acceptor levels

Radiative optical transitions, involving impurities, we
analyzed by Dumke.40 For free electrons, recombining wit
pA bound holes, the radiative transition lifetime is given b

1

tC-A
r 5BC-A

0 pAGC~a!, ~17!

where

BC-A
0 564&pnr

e2\2vuPV-Cu2

c3m0
2~mhEA!3/2 ~18!

is the corresponding radiative rate constant atT50 K. The
function GC(a) accounts for the decrease in the radiati
transition probability caused by the thermal filling of th
states in the conduction banda5mhEA /mekT, \v is the
photon emission energy,EA is the acceptor binding energy
and PVC is the interband matrix element of the momentu
operator given in Ref. 42 asuPVCu2'm0Eg . Using Eq.~7!,
and the values ofme50.0765m0 , mh50.635m0 ,41 and EA
536 meV~from the PL spectra!, we have calculated the rati
between the rate constants of the band-to-band, and theC-A
radiative transitions

BC-A~T!50.762B0GC~T!. ~19!

We can now compare the contribution of theD-A tunnel-
ing recombination, and theC-A transition to the intensity of
the second luminescence peak. IfDn is the electron concen
tration in the conduction band, theC-A luminescence inten-
sity is equal to

I C-A5
Dn

tC-A
r ~20!

The luminescence intensity due to theD-A tunneling recom-
bination is proportional to the concentration of the occup
donorsNd

I tun5NdWtun~ t50!5BtunNdpA . ~21!

Thus the ratio of the luminescence intensities of these
transitions is given by
0-5
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I C-A

I tun
5

0.762B0Gc~T!Dn

BtunNd
. ~22!

Our calculations show that in InP the factorG(T) changes
from 1 to 0.7 when the temperature changes from 4 to 300
Thus the ratio of the luminescence intensities@Eq. ~22!# de-
pends mainly on the ratio between the excess carrier con
tration Dn and the occupied donor concentrationNd . In
crystals with high donor concentrationNd@Dn ~this happens
under low injection levels and at low temperatures!, the sec-
ond peak is governed by tunneling recombination; suc
case was reported in Refs. 24, 26, and 27, whereNd was
>1016 cm23. However~as will be shown below!, the den-
sity of shallow traps in ourp-type samples, resulting from
unintentional doping, is only around 1012 cm23. Thus at the
typical injection levels used in our experiments,Dn
;1015 cm23, theC-A radiative recombination rate is about
factor of 50–70 larger than theD-A tunneling recombination
rate. In summary, inp-InP crystals the second peak lumine
cence intensity and its decay rate are effectively determi
by the kinetics of the conduction band electrons~the C-A
transition!. Therefore below we focus our analysis on t
TRPL of the second luminescence peak, which gives di
information about the minority carrier lifetime.

F. Nonradiative recombination at the deep acceptor level

In Zn-doped InP crystals the dominant nonradiative
combination centers are the neutral Zn centers, formed
result of the doping process. The nonradiative recombina
of free carriers in deep centers was first discussed in deta
Henry and Lang,42 and then by many others.43,44 A good
review on this subject can be found in Ref. 36. In general
temperature dependence of the excess carrier recombin
cross sectionsR(T) is very complicated. However, at suffi
ciently high temperatures the capture results from lat
thermal vibrations causing the crossing of the conduct
band electron and the deep trap states. In such a casesR(T)
may be described by the nonradiative capture with latti
relaxation multiphonon emission in the following form:38

sR5s0 exp~2Eac/kT!, ~23!

whereEac is an activation energy equal to the vibration e
ergy of free carrier state at the intersection with the bou
state. Hence the resulting electron lifetime due to nonra
tive recombination in the deep level is given by

1

tC-A
nr 5pAsRye , ~24!

whereye is the mean electron thermal velocity in the co
duction band. According to Eqs.~23! and ~24! the electron
lifetime tC-A

nr increases with decreasing temperature due
the decrease of the recombination cross section.

At low temperatures such an activation process is s
pressed and the necessary states crossing may be achiev
lattice vibration tunneling at energies significantly less th
Eac. The theory of multiphonon nonradiative capture w
reported by many authors~for example, Ref. 38, 44, 45, an
11521
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references within!; we base our analysis below on the theo
suggested by Abakumovet al.45

It is generally accepted that in several recombinat
mechanisms only a single vibration mode is dominant in
multiphonon capture; thus the electron practically intera
only with this oscillation~the so-called activating mode!; in
such a case the capture cross section has the form

s5A exp~2F!, ~25!

whereF is a function that depends on temperature, on
electron binding energy, on the phonon energy, and on
dimensionless coupling constantb5DE/Eopt. This constant
is the ratio between the polaron energy shiftDE and the
energy required for optical excitation from the impurity sta
into the conduction bandEopt.

Below we show that the constantb is very small
(;1023) for shallow acceptor centers in InP, thus we negl
the temperature dependence ofF on b, and it takes the form

F5
Et

\v
lnF12expS 2

\v

kT D G , ~26!

whereEt it the impurity thermal ionization energy and\v is
the phonon energy with which the captured electron activ
interacts. From Eqs.~24! and ~25! we obtain

s5
A

~12e2\v/kT!Et /\v . ~27!

In the general case the constantA is expressed as45

A5CS \v

kT D 2

sinhS \v

2kTD ~12z0!1/2@12~12b!z0#1/2

$z0
1/2 ln@~11z0

1/2!/~12z0
1/2!#%3/2,

~28!

where the constantC is temperature independent and t
parameterz0 is

z0512
b

~12b!

1

~e\v/kT21!

which for b!1 becomes

z0512
b

~e\v/kT21!
.

Insertingz0 in Eq. ~28! and then the preexponential factorA
in Eq. ~27! we obtain

s~T!5s0S \v

kT D 2 e2\v/2kT

H lnF 4

b
~e\v/kT21!G J 3/2

~12e2\v/kT!Et /\v

~29!

where s0 is a temperature independent constant. Equa
~29! differs from that derived by Abakumovet al. in Ref. 45
by the factore2\v/2kT that plays an important role at low
temperatures. ForT!\v/2k the energy of zero oscillation o
the active phonon mode,Eeff5\v/2 is the effective activa-
tion energy.
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In order to determine the coupling constantb for the Zn
center in InP, the polaron shiftDE has to be calculated. In
polar crystals the electron interaction with the longitudin
optical phonons is the main contribution toDE, and its value
may be deduced from the intensity ratio of the first L
phonon replica to the phononless luminescence peak. In
case of weak coupling this ratio equalsS
5S0cotanh(\v/2kT) whereS0 is the Huang-Rhys factor46

and determines the average number of the emitted pho
as a result of optical transition. Our experimental data sh
that at low temperatures, defined byT!\v/2k ~;260 K!,
the intensity ratio equals toS'S05DE/\vLO50.05. Al-
most the same ratio of 0.055 was obtained by Ro¨der et al.27

in InP for the phononless peak at 1.37 eV and its LO-phon
replica; the polaron energy shift is thus equal toDE
5S\vLO52.15 meV. The radiative electron capture fro
the conduction band to the acceptor Zn level results i
photon emission at an energy ofElum51.37 eV. Thus the
corresponding energy of the optical ionization exceeds
luminescence energy by the Stokes shift equal to 2DE:
Eopt5Elum12DE.

In our caseEopt51.374 eV and hence the binding co
stant b5DE/Eopt51.5631023. Equation ~29! shows that
the temperature dependence of the multiphonon cap
cross-section strongly depends on the ratio ofEt and\v. The
thermal ionization energy of the Zn center isEt5Elum
1DE51.372 eV; the phonon energy\v543.3 meV and
s051.35310213 cm2 were determined from fitting the PL
data as shown in Sec. V below. This value of\v is in an
excellent agreement with the energy of the LO phonons
InP; for example infrared reflectivity and Raman measu
ments gave values of 43 and 42.8 meV respectively.47,48

This result is also in agreement with the radius of t
localized stater a5\/A2m* EB512.6 Å which significantly
exceeds the interatomic distance in the InP lattice~2.54 Å!;
thus the electron wave function hardly overlap with the lo
impurity oscillation. Thus the localized electron actively i
teracts only with the LO phonons, which are emitted in t
process of the nonradiative electron capture. If the funct
s(T) is approximated by the simple exponential depende
of Eq. ~23!, the activation energy is 21 meV, approaching t
zero oscillation energy\vLO/2521.65 meV. Such tempera
ture dependence is obtained from Eq.~29! at high tempera-
tures.

G. The effect of the shallow trapping levels

As the temperature decreases the shallow traps captur
photogenerated electrons. We will show below that at te
peratures between 15–30 K these traps change significa
the conduction band electron lifetime. At low temperatu
the electron trapping probability in the shallow ionized don
centers depends on their concentrationNt , and on the effec-
tive trapping cross sections t through

1

t t
5Nts tye . ~30!

According to Ref. 43 the value ofs t is a product of the
capture and the emission probability from the trap
11521
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Wrec

en1Wrec
, ~31!

wheresc is the electron capture cross-section in a charg
shallow center,en is the thermal ionization rate from th
trap, given by36

en5
1

g
scyeNc expS 2

Ed

kTD , ~32!

whereNc is the effective density of states in the conducti
band, andg andEd are the degeneracy factor and the ioniz
tion energy of the donor level, respectively.Wrec is the total
recombination rate of an electron captured in the trap,
plained in detail below.

The cross sectionsc was first calculated by Lax,49 and the
theory was further developed by Abakumovet al.38 Accord-
ing to this theory~‘‘the nonradiative cascade capture’’!, a
conduction band electron can be trapped by the high-exc
states of the trap, and then can be reemitted into the con
tion band or can make cascade transitions into a lower
cited state by emission of one acoustic phonon. It w
shown38 that the cross section of a free carrier capture in
singly charged center is equal to

sc5
4p

3l 0
S e2

«kTD 3

, ~33!

l 05 l
kT

2mes
2 , ~34!

where« is the semiconductor dielectric constant,l 5yete is
the electron mean free path due to collisions with acou
phonons,te is the corresponding energy relaxation time, a
s is the speed of sound. AtT577 K in InP the electron mo-
bility me553104 cm2/s,14 and as a result at this temper
ture te52.2310212 s, and from Eq.~34! using s55.1
3105 cm/s then l 051.2531022 cm. Using these param
eters the cross section for electron capture in the shallow
will be

sc52.9310217~300/T!3 cm2. ~35!

The net recombination rate of electrons in the shall
level is determined by the cross sections t @Eq. ~31!#, which
takes into account three processes by which the elect
leave the shallow levels. These include tunneling to the
ceptors, and recombination~either radiatively or nonradia
tively! with free holes in the conduction band:

Wrec5Wtun1WD-V
r 1WD-V

nr ~36!

HereWD-V
r andWD-V

nr are the recombination rates of the r
diative and nonradiativeD-V transitions, respectively. The
radiative D-V transition is analyzed using the theory pr
sented by Dumke.40 The donor to valence band radiative r
combination rate can be written as

WD-V
r 5BD-V@Dp1p0~T!#, ~37!
0-7
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wherep0(T)[NA2pA(T) is the equilibrium hole concentra
tion in the valence band. The recombination rate cons
BD-V is given by

BD-V5
64&pnr\EguPV-Cu2e0

2GV~T!

c3m0
2~meED!3/2 , ~38!

whereED is the donor binding energy andGV(T) accounts
for the decrease in the radiative transition probability cau
by the thermal filling of the states in the valence band. If
emitted photon energy is assumed to be equal to the b
gap, we obtain

BV-D5
64&pnr\Eg

2e0
2GV~T!

c3m0~meED!3/2 . ~39!

Using Eq.~7! andED57 meV,14,40the ratio between the rat
constants of the radiativeD-V transition and the band-to
band radiative transitionB0 is

BV-D5238B0GV~T!. ~40!

Calculating GV(T) taking into account both the light an
heavy holes it is found that it changes from 0.1~15 K! to 2
31023 ~300 K!.

For the analysis of the nonradiativeD-V recombination
process the model, proposed by Lax,49 has been used. Ac
cording to this model a free carrier~a hole in our case! po-
larizes the neutral donor center, inducing a dipole mome
the electric field of this dipole attracts the hole—this is t
D-V nonradiative recombination process. Its recombinat
rate may be written as

WD-V
nr 5sD-V~T!yp@Dp1p0~T!#, ~41!

wheresD-V(T) is the cross section for hole capture in t
electron occupied neutral donor center, andyp is the hole
thermal velocity. Such a cross section was determined
perimentally at low temperature for germanium.50 It was
shown thatsD-V(4.2 K)55310216 cm2 and it is propor-
tional to T22; such temperature dependence agrees with
Lax model. Thus, the capture cross sectionsD-V has to de-
crease to 10219 cm2 at 300 K. In our calculation we hav
usedsD-V in the form

sD-V~T!5AS 300

T D 2

10219 cm2, ~42!

whereA is a fitting parameter

V. COMPARISON WITH THE EXPERIMENTAL RESULTS

According with the above analysis, the electron lifetim
in p-type InP is determined by the following processes:
diative and nonradiative recombination in the neutral de
acceptor centers with lifetimestC-A

r @Eqs.~17! and~19!# and
tC-A

nr @Eqs. ~24! and ~29!#, respectively, electron trapping i
the charged unintentional donor levels with a lifetimet t
@Eqs. ~30!–~42!#, and a radiative band-to-band recombin
tion characterized bytCV @Eq. ~6!#. The effective bulk life-
time is then
11521
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r 1

1

tC-A
nr 1

1

t t
1

1

tC-V
. ~43!

We can now use Eq.~43! to calculate the effective electro
lifetime t as a function of temperature. The calculated va
can be fitted to the measured electron lifetime in order
extract the main recombination parameters.

The result of this fitting procedure is shown in Fig. 4~b!.
The figure shows the effective lifetime extracted from t
TRPL data, represented by the error bars, together wit
solid line, which is a fit of Eq.~44! to the experimental data
The fit enabled us to find five recombination parameters:
cross section and the phonon energy for theA-C nonradiative
recombination processs051.35310213 cm2 and \v
543.3 meV, respectively, the density of the donor-like tra
ping centersNt51.1310126331011 cm23, the cross sec-
tion of the nonradiative donor-valence band recombinat
process sD-V5(4.462.7)310219 cm2 ~300 K!, and the
band-to-band radiative rate constantB0(300 K)5(5.262.6)
310211 cm2 s21.

Using these constants the temperature dependence o
four main recombination processes can now be calcula
Figure 5 shows these four recombination rates~divided by
Dn) as a function of temperature. The recombination rate
the deep acceptor level@curve~a!# decreases with decreasin
temperature~effective lifetime increase! because the lattice
thermal vibrations, driving this recombination process a
suppressed at low temperatures. At low temperatures~below
;30 K! the electron lifetime is determined by three ma
processes: radiativeC-A @curve~b!# andC-V @band-to-band,
curve ~c!# transitions, and trapping at the shallow donorli
centers@curve ~d!#. At temperatures above;30 K, theC-A
nonradiative process@curve ~a!# becomes the most efficien
recombination channel and determines the electron lifetim

Moreover, it is observed that the nonradiativeC-A recom-
bination lifetime reaches a value of a few nanoseconds
temperature of around;80 K, and does not change signifi
cantly with increasing temperature. Due to the fact that
band edge and the acceptor PL peaks merge at a temper

FIG. 5. The four main recombination processes inp-InP, cal-
culated using Eq.~43! with the recombination parameters extract
from fitting the measured effective lifetime:~a!: nonradiativeA-C
recombination,~b! radiative A-C recombination,~c! band-to-band
radiative recombination,~d! trapping in the shallow donorlike cen
ters.
0-8
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of around 100 K, we conclude that theC-A recombination
process determines also the PL decay rate of the band
PL peak.

VI. SUMMARY

We have presented a comprehensive study of mino
carrier lifetime and recombination mechanisms inp-InP
single crystals, based on steady state and time-resolved
toluminescence measurements at a wide temperature r
~15–300 K!. It was found that nonradiative recombination
Zn-induced neutral acceptor centers is responsible for
.

d,

er

J.

c-

n

a

tat

ks

s

11521
ge

ty

ho-
ge

t
e

short minority carrier lifetime in this crystal down to a tem
perature of around 30 K. At lower temperatures the lifetim
is determined by three main processes: radiative band
band recombination, radiative recombination in the deep
ceptor level, and trapping at the shallow unintentional do
impurity centers. A fit of the measured effective bulk lifetim
to a recombination model based on the main recombina
processes enabled us to extract several important parame
the cross section and the photon energy for the elect
neutral acceptor recombination rate, the density of the do
like trapping centers, the cross section of the nonradia
donor-valence band recombination process, and the ban
band radiative rate constant.
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