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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 raii§e-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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[. INTRODUCTION magnitude, depending upon doping type, impurity concentra-
tion, and growth techniqué. Even though the lifetime data
The lifetime of excess carriers in semiconductors has beeis so disperse, one apparent trend is found in several direct
and continues to be of great interest both from technologicabandgap semiconductors in general and in InP in particular.
and fundamental points of vietv? From a fundamental The trend is thathe bulk nonradiative recombination life-
point of view, it provides information on carrier scattering, time measured in n-type semiconductors is usually equal or
capturing, and recombination mechanistsThe techno-  larger than that measured in p-type semiconductors doped to
logical importance is motivated by the performance of solid-the same levelWe have never found a case in which the
state devices such as lasers, light-emitting diodes, and sol@bnradiative recombination lifetime in-type semiconduc-
cells® In the last decades there has been considerable interagfs is shorter than that measuredpitype semiconductors
in InP both as a prototypical 1ll-V compound suitable for wijth the same doping concentration. A similar trend was also
basic studies and as a potential candidate for a variety qbund by measurements conducted by many other
electronic and optoelectronic devices. InP plays a crucial rolgyroups!417
in the high performance of Ga,In,As;_,P, (Ref. 9 and We have carried out an extensive and systematic study of
Ga 4In,As (Ref. 10 avalanche photodiodes, lasers, andthe carrier recombination in both- and p-type InP using
light emitting diodes. It also has important applications intemperature-dependent time-resolved photoluminescence
integrated electron optics and in a variety of microwave andTRPL) method. It is found that fop- InP the lifetime is very
high-speed digital circuits due to its high saturation drift short due to a dominant deep neutral acceptor levels. On the
velocity and high mobility. Recently, InP solar cells have gther hand, im-InP the recombination at high temperatures
been recognized as having great potential for space applicg=100 K) is governed by radiative band-to-band
tions because of their extraordinary radiation resistdraed  transitions® In this manuscript we report on the study of
high efficiency:® p-InP. The experimental methods and results are described
In spite of the numerous applications of InP, little hasin Secs. Il and Ill, respectively, and a detailed theoretical

been done regarding study of its bulk lifetime and carrieranalysis is presented and discussed in Sec. IV.
recombination mechanisms. In a recent review arffdtehas

been shown that the lifetimes measureditype crystals are

in the range of 1-3000 n@t 300 K), depending on crystal Il EXPERIMENTAL
quality and growth methods. In the past we have sH8wn '
that at 300 K in Si-dopea-InP (ng=4.8x 10 cm™3) the The samples were LEC growi00 wafers of Zn-doped

dominant bulk recombination mechanism is radiative. On thénP with two doping levels:No=4x10'% cm 3 (Crysta-

other hand, the lifetime of electronsjnInP was found to be comm Inc) and N,=1.5x10"° cm™3 (Nippon Minning,

much shorter and the dominance of nonradiative recombindnc.). All the presented experimental data corresponds to the

tion was suggestet?~1’Based on the data published during “Crystacomm, Inc.” sample; almost identical results were

the last decade we can conclude that the lifetimes-ippe  obtained for the other sampi®ippon Minning, Inc). The

samples are typically two orders of magnitude larger tharsamples were etched by aqua-regia and rinsed by deionized

that of p-type InP. A similar trend was found for Cdt&!®  water before the measurements.

although it is based on a smaller number of measurements. The TRPL setup, described in detail in Refs. 20 and 22, is
It is well known that the bulk minority-carrier recombina- based on a cw diode-pumped Nd:YAG las@illennia,

tion lifetime in semiconductors varies by many orders ofSpectra Physics, Incpumping a Ti-sapphire las€Fsunami,
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FIG. 1. Typical photoluminescence spectrapefnP measured
at five different temperatures of a: 15, b: 65, c: 120, d: 200, and €:y0 cenier h 4 4
270 K. E; ° °
Spectra Physics, Ing.which provides high repetition rate
(80 MH2) of short pulses with full width at half maximum of
about 1.1 ps. The laser repetition rate is reduced using ¢
pulse pickerfmodel 3980, Spectra Physics, Into a rate of E. \ 4 \ 4
4 MHz or 800 kHz. The laser beam powgypically at 730 ° ©

nm) and spot size are adjusted to create an initial eI(_actron- FIG. 2. Schematic energy bands diagram showing the main tran-
hole concentration from &cm™2 up to 5x 10 cm ™3

i in sitions for excess electrons g InP.
order to prevent crystal heating and surface damage. The

photoluminescencéPL) emitted from InP is collected by a
combination of a subtractive double monochromator,
cooled multichannel plate photomultipliefHamamatsu
R3809 and a time-correlated single-photon-countifigC-
SPQ system. The overall instrument resportadl width at
half maximun) is about 30 ps.

difficulty is to measure the energy-resolved PL spectra at
ery long delay timegmicrosecondsafter the laser pulse; at
such time the excess carrier concentration is very low, and
the fast radiative recombination processes are not observed.
Using such approach, Gilinskst al. have been able to ob-
serve very shallow-acceptor-related PL transitions in high
purity GaAs?®
Ill. RESULTS The PL spectra in Fig. 1 show two PL peaks at low tem-
peratures and a single relatively broad peak, located around
the bandgap energy above a temperature-200 K. Below
Figure 1 shows a typical temperature dependence of thehis temperature the second peak appears as a shoulder of the
steady state photoluminescen@) spectra of a Zn-doped B-B peak at the energy of 36 meV below the first peak. The
InP sample. The figure presents the steady state PL spectraiofensity of this peak increases with decreasing temperature
one of the Crystacomm sampleN{=4x10%cm 3), as observed in the figure. This peak has been previously
wherea, b, ¢, d, ande correspond to temperatures of 15, 65, attributed by many authors to conduction band-to-acceptor
120, 200, and 270 K, respectively. Similar spectra were ob{C-A) or donor-to-acceptor¥-A) transitions?*=32 All the
tained for thep-InP samples of Nippon, Inc. measured PL spectra indicate that no distinct donor impurity
In order to correctly analyze the PL decay of the measurethand exists in any of thp-type samples. Such a band should
PL peaks observed in the energy-resolved spectra, the meappear at 7-10 meV below t&eB peak® at very low tem-
surements were carried out in the following manner. All theperatures due to donor-to-valence bard-Y) transition.
PL spectra were measured under “quasi-steady-state” condiFhis peak is not observed at any of our spectra due to two
tions, i.e., excitation with the pulsed lasersing the same reasons: first, the very low concentration of unintentional
carrier injection levels as in the time-resolved measurementshallow donor states ip-InP, and second, the FWHM of the
presented belopwand recording the time-integrated lumines- B-B peak at 15 K is around 12 meV, thus it is merged with
cence intensity. This is because TRPL measurements have tigis peak. Therefore each of the two main PL peaks appear-
be conducted under relatively high injection conditionsing in our spectra is a superposition of several transitions.
[An(t=0)=1x10" cm 3] in order to have a reasonable  The main transitions ip-InP (at temperatures 15 K) are
PL signal at short time$~30 p9g following excitation. Un-  summarized in Fig. 2. The two peaks observed in our PL
der such injection levels, the PL peaks are wide, typicallyspectra, and which are studied by TRPL, are BaB transi-
10-20 meV at full width at half maximunFWHM), at T tion (overlaps with theD-V transition, here after called the
=15 K. In such a case many adjacent PL transitions of dif-band edge peakand theC-A transition, which overlaps with
ferent nature, mainly these involving shallow donor and exthe D-A transition, here after called the acceptor PL peak.
citonic transitions, overlap. Another way to overcome thisThe energy separation between the band edge and acceptor

A. Energy resolved PL spectra
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! E where «, is the absorption coefficient for the gap-
luminescence wavelength, apg andng are the equilibrium
concentrations of holes and electrons, respectively. Assuming
that the excess electron concentratiom is balanced by the

excess hole concentratidip (local electroneutrality that is

(a)

e
=
T

(=

o

—
T

] Ap(x,H)=An(x,t)=AC(x,1), 2

PL Intensity [arb. u.]

X Al the value ofAC(x,t) can then be calculated using the ambi-

- - N polar diffusion equation
20 22 24 26 28 30 32

+og(x.t), (3

JAC(xX,t) o FPPAC(x,t) AC(x,t)
at ax? T

where the generation function is given by

@
=

g(X,t) =go(t) @ exp( — ax). (4)

D* is the ambipolar diffusion constardg(t) is the genera-
tion rate defined by the temporal shape of the exciting laser
pulse, andx is the absorption coefficient at the laser wave-
length.

The boundary conditions for E¢3) are

0.01 ¢

PL Intensity [arb. units]

time [ns]
) JdAC S
FIG. 3. (a) Photoluminescence decay curves of the band-to-band —_ =—AC(x=0y}),
PL peak measured under low injection levels at temperatures of a: X (x=04) D
15, b: 30, c: 45, d: 120, and e: 300 K1) Photoluminescence decay
curves of the acceptdsubbandgapPL peak measured at five dif- AC(X—»,t)=0, AC(x,t=0)=0, 5)

ferent temperatures of a: 14, b: 18, c¢: 24, d: 34, and e: 39 K; the . . L .
TRPL spectra did not change at temperatures higher then 39 K. whereSis the effective surface recombination velocity. We

have used the well known analytical solution for E)

. . efs. 16 and 3Wderived by Vaitkus in order to extract the
peaks is constant with temperature at a value of around .?)g?fective bulk lifetime from the TRPL data.

meV; this is consistent with Zn-induced acceptor states in There are several approximations in using the Vaitkus
InP2® In both cases the temperature dependence of the PL bp g

energy is consistent with the bandgap-energy temperature ggnalytical solution for the experimental data. First, the ambi-
pendence of In®® Though not visible on the linear scale of polar_ 'equatlo'n IS .Val'd. only under h|gh |nject|(§ﬂatbaqd

Fig. 1, a third péak located-40 meV below theC-A peak conditions. Since in this study we are interested only in low
caﬁ b’e observed when using a logarithmic scale for th,e P'njection bulk (and not surfac)erecombination processes, all
intensity. This peak is attributed to the LO phonon replica of e measurements are conducted in the presence of surface

the C-A transition in agreement with the LO phonon energy(3|¢Ctr'.C field. Thelmam effect of Suﬁh a f;eld 'S to drift the
for InP of 42.8 me\P® minority carriers(electron$ towards the surface and increase

the surface recombination rate. This effect has been calcu-
lated by us in the past, and was found to affect only the first
B. Time-resolved photoluminescence part (1-2 n3 of the PL decay curv& Moreover, since we
The TRPL spectra, measured under low excitation condi&"® inFerestgd here in.fitting the bulk lifetime, the sqrface
tions (An=Ap= 105 cm™3), are presented in Fig. 3. Figure eﬁect is n_ot important; in any cas the surface_recomblr_la-
3(a) shows the TRPL spectra of the band edge peak medion velocity should be regarded as _the effective velocn_y at
sured at temperatures of a: 15, b: 30, ¢: 45, d: 120, and e: 3df€ €dge of the space charge region. Second, as will be
K; Fig. 3(b) shows the TRPL spectra of the subbandgap acs"OWN below(Sec. IVB, thg PL decay of the second peak Is
ceptor PL peak measured at temperatures of a: 14, b: 18, %ISO affected by the trapping in the shallow donor states at

24, d: 34, and e: 39 K. The TRPL spectra of the second pea w temperatures. Thus in order to accurately model the PL
did not change at temperatures higher than 39 K. ecay of this peak, this trapping process must be included in

The effective electron lifetime valuewas extracted from the model using the appropriate rate equatibescribing the

these TRPL data. The method, described in the Yaist, C&rier trapping and emission from the shallow Iedel
based on comparing calculated and experimental PL decay upled to the electron_ continuity equation. Thus we con-
profiles. The normalized, time-dependent PL intenkity is ~ >ider the fit to the experimental ddtaased on the analytical
calculated for a semi-infinite crystal as solutlon of Eq.(3)] as a good approximation that allows us to .

determine the different recombination processes, and to esti-
mate the recombination parameters. A more accurate model
I(t)= fx(no+An)(po+Ap)exp(—aLx)dx, (1) including the shallow trapping level kinetics is in prepara-
0 tion.
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FInP:Zn 1 shown that the deep Zmeutral acceptor centers are govern-
@ ] ing the recombination processespfinP and are responsible
] for the short minority-carrier lifetime in this semiconductor.

—
<

’ \‘\\ : p0=4x1016cm'3
SN S R

i

+\+/+\+ ]
+++ + A. General

. I e
i 4 6 _ﬁ\{-—r ] In the analysis of the PL data we will distinguish between
p,=1.5x10"cm

B . . . ) . i the band edge and the acceptor PL peaks and will take into
0 50 100 150 200 250 300 account their complex character. The band edge peak is a
Temperature [K] superposition of at least two radiative transitions: the band-
to-band transition, and a transition from the unintentional
shallow donor states to the valence band. At low tempera-
tures the luminescence caused by recombination of free and
bound excitons is also presé&fitOnly at relatively high tem-
peratures when the contribution of the exciton recombination
is suppressed, and the shallow donor states are all ionized,
the decay rate of the band edge peak represents directly the
recombination kinetics of the conduction band electrons. The
second luminescence peak is a superposition of two radiative
o4 i . = = processes: radiative transitions of electrons from the conduc-
0 20 w0 750 300 tion band to the deep acceptor level and tunneling recombi-
Temperature [K] nation of electron-hole pairs localized at the donor and ac-
ceptor states, respectively. Below we analyze in detail six
FIG. 4. (a) The effective bulk lifetime(7) as a function of tem-  main recombination processes that affect the minority carrier
perature extracted from fitting the PL decay of the band edge Plifetime. By comparing the calculations to the decay rate of
peak, Fig. 8a). The error bars account for the accurdeyl0% of  the acceptor PL peak we show that the dominant recombina-
the fitting process(b) The effective lifetime(r) as a function of g process is the nonradiative recombination at the deep
temperature extracted from fitting the PL decay of the acceptor P'acceptor level¢C-A transition. This process is responsible
peak, Fig. 8b). The solid line is a fit to the experimental data basedfOr the very short electron lifetime at temperatures higher
on Eq.(43). then 40 K found inp-InP.

] IV. ANALYSIS

Lifetime [ns]
[S VS RN NV I = S - =]
—

200 InP:Zn
1504

1004 °

Lifetime [ns]

504

The temperature dependencies of the bulk effective life-
time values, extracted from fitting the PL decays of the band
edge(for two of the measureg-InP samplesare shown in The radiative band-to-band electron lifetime jrtype
Fig. 4@); the small difference in lifetimg4 versus 6 ns at semiconductors under low carrier injection levels is given
high temperaturess attributed to sample growth quality and by*®
not to any significant physical reason. Figu®)4shows the
effective lifetime extracted in a similar manner for the accep- 1

B. Radiative band-to-band recombination

tor PL peak. The following parameters were used in the fit- VB AR T o (T (6)
ting procedure: absorption coefficient at the exciting laser [Ap+Po(T)]
wavelengtha=2x 10 cm *, aibsorption quﬁiCien.t at.the whereB is the radiative rate constant, given®by

PL wavelengthe, =3%x10° cm™ %, the ambipolar diffusion

coefficientD* (300 K)=5 cn¥/s, and an effective surface 312, o2 3/2

recombination velocity=1x 10* cm/s. The diffusion coef- _(2m)”"hegn, [ mg 14 Mo @) E2 (7)
ficient temperature dependenbBdT) was calculated using (:rrlg/z(kT)3’2 Mg+ my, me my ¢

the well known Einstein relation and the temperature depen-

dence of the mobility in InB*43A visual fit to the data was wherem, is the electron effective mass in the conduction

performed by changing only the effective bulk lifetimeg, band,m, is the hole effective mass in the valence bamg,

and keeping all the other parameters constant. is a free electron mass, is a refractive index, and is the
The error bars represent the accurédtyl0%) of the fit-  velocity of light. The temperature dependence of the radia-

ting process; in other words, such a change would result  tive recombination rate constant may be written Bs

in a similar quality visual fit to the data. It is observed that =B,(300/T)%? where By=2x10 " cm’s ' for InP

the effective PL lifetime corresponding to the band edgecrystals® Even whenp=4x 10 cm 3 (complete acceptor

[Fig. 4@] is almost unchanged with temperature in the rangdonization, the corresponding radiative lifetime=500 ns.

15-300 K, while that of the second peak changes drasticallomparing this value with the measured effective bulk life-

in the 14-40 K temperature range and then stays more dime shows that the radiative band-to-band recombination

less constant close to the value of the band edge PL peak. trannot be the dominant mechanismpirinP at least at high

the next section these trends are analyzed in detail, and it temperatures.
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C. Nonradiative Auger recombination Wn(t=0)=ByrPa, (15)

Nonradiative recombination can be carried out through an
Auger process, where the recombination energy is trangvhere
ferred to a third carrier, free or bound, and hence it is sig-
nificant only at very high carrier cpncentrano?ﬁé The Buun=87Word (16)
electron lifetime for this process is given ¥y

1 is the D-A tunneling recombination rate constant. In InP:
TAuger= =~ (8) W,p=6.5x10" 5%, rq=5x10" cn?®, so the rate constant
C,pp _ — 10
pPPA Bun=2X10"1 cm?/s.

wherep, is the concentration of bound holes in the corre-
sponding gap level, an@, is the Auger recombination co-
efficient, that at room temperature in InP is equal to 6.1 o ] » ) o -
X102 crPs 1.3 For p=p,=4x 101 cm 3 the Auger Radiative opt|calotran5|t|ons, involving impurities, were
lifetime 7p,qe=4.1X10 > s; this value is at least three or- analyzed by Dumké’ For free electrons, recombining with
ders of magnitude larger than that measured in this study. IRA Pound holes, the radiative transition lifetime is given by
summary, neither nonradiative Auger processes, nor radiative

band-to-band recombination processes can account for the

E. Radiative recombination at the deep acceptor levels

_Ro
very short electron lifetiméfew ng measured irp-InP. T Bc.aPal'c(a), 17
D. Donor-acceptor tunneling recombination where
The electron located at a donor atdinis capable of
tunneling to an acceptok and recombining with the hole, o e?h2w|Py.c|?
localized in this acceptor. The probability that an electron BC.A=64‘f2WanE)3/2 (18
tunnels a distance between a donor and an acceptor state o\ h=A
139
is

is the corresponding radiative rate constanfatO K. The
W(r)=Wyexp( —r/rg) (99  function I'c(«) accounts for the decrease in the radiative
transition probability caused by the thermal filling of the
states in the conduction band=mpE,/mKT, Aw is the
hoton emission energ¥, is the acceptor binding energy,
nd P, is the interband matrix element of the momentum
perator given in Ref. 42 g®c|*~myE,. Using Eq.(7),

whereW, is the coefficient with the dimensions of the fre-
guency and, is a parameter representing the decay of th
wave functions of the donor and acceptor. Usually the dono
radiusry is much larger than the acceptor radius. In such EN

case and the values ofm,=0.0763n,, m,=0.635M,,** and E,
1 =36 meV(from the PL spectirawe have calculated the ratio
fo=5ra- (10)  between the rate constants of the band-to-band, anG{he

radiative transitions
The probability of an electron present in a donor at tirigs®

Wt 17r2dr

Q(t)=e*7Palole” (12)

wherep, is the hole concentration in the acceptors. Differ- We can now compare the contribution of theA tunnel-

entiatingQ(t) with respect to time, we obtain ing recombination, and th€-A transition to the intensity of
the second luminescence peakAlf is the electron concen-
dQ(t) tration in the conduction band, th&A luminescence inten-
T —Wiun(1) Q(1), (12) sity is equal to
where An
= lc.A=—— (20)
Wtun(t)=477pAf0 W(r)e WOt 2qgy (13 Tc-A

The luminescence intensity due to theA tunneling recom-
bination is proportional to the concentration of the occupied
donorsNy

is the tunneling rate at timeé From Egs.(9) and (13) we
obtain

o

[~ Wot]"
Wir(1) =87DaWor§ 3, ¢ 0

n+1)I(n+1)°" (14 I tun= NgWun(t=0) = ByyfNgPa - (21)

The highest tunneling probability will be && 0, hence using Thus the ratio of the luminescence intensities of these two
Eq. (14) we obtain transitions is given by
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lc.a 0.76BoI((T)An references withiy) we base our analysis below on the theory
1= B N : (22)  suggested by Abakumast al*®
n tund It is generally accepted that in several recombination

Our calculations show that in InP the factofT) changes mechanisms only a single vibration mode is dpmingnt in the
from 1 to 0.7 when the temperature changes from 4 to 300 KMultiphonon capture; thus the electron practically interacts
Thus the ratio of the luminescence intensifigsy. (22)] de- only with this oscillation(the so-callgd activating mogein
pends mainly on the ratio between the excess carrier conceftch a case the capture cross section has the form
tration An and the occupied donor concentratidly. In
crystals with high donor concentratidf> An (this happens o=Aexp—), (29
under low injection levels and at low temperatyrébe sec-  where® is a function that depends on temperature, on the
ond peak is governed by tunneling recombination; such @lectron binding energy, on the phonon energy, and on the
case was reported in Refs. 24, 26, and 27, witgevas  dimensionless coupling constgBit= AE/E,y. This constant
=10'" cm™ 2. However(as will be shown beloly the den- s the ratio between the polaron energy SHifE and the
sity of shallow traps in oup-type samples, resulting from energy required for optical excitation from the impurity state
unintentional doping, is only around *cm 3. Thus at the into the conduction bank ;-
typical injection levels used in our experimentan Below we show that the constam® is very small
~10" cm™3, theC-Aradiative recombination rate is about a (~10~3) for shallow acceptor centers in InP, thus we neglect
factor of 50—70 larger than tHe-A tunneling recombination the temperature dependencedobn 8, and it takes the form
rate. In summary, ip-InP crystals the second peak lumines-
cence intensity and its decay rate are effectively determined t hw
by the kinetics of the conduction band electraitse C-A &=-—In 1—exp( - ﬁ)
transitior). Therefore below we focus our analysis on the
TRPL of the second luminescence peak, which gives direcvhereE; it the impurity thermal ionization energy arfia is
information about the minority carrier lifetime. the phonon energy with which the captured electron actively
interacts. From Eq924) and (25) we obtain

: (26)

F. Nonradiative recombination at the deep acceptor level A

In Zn-doped InP crystals the dominant nonradiative re- o= (1—e "elKT)ETfo: (27)
combination centers are the neutral Zn centers, formed as a
result of the doping process. The nonradiative recombinatioin the general case the consta#nis expressed 43
of free carriers in deep centers was first discussed in detail by
Henry and Landg? and then by many othefd** A good _ [fe\?  [he| (1-z)"{1-(1-B)ze]"?
review on this subject can be found in Ref. 36. In general the A~ C| 17/ SN 517 (Z2In[(1+ 29 /(1- 22137
temperature dependence of the excess carrier recombination (28
cross sectiorrg(T) is very complicated. However, at suffi- . )
ciently high temperatures the capture results from latticvhere the constan€ is temperature independent and the
thermal vibrations causing the crossing of the conductiorParameteg, is
band electron and the deep trap states. In such a6

may be described by the nonradiative capture with lattice- Zo=1— B 1
relaxation multiphonon emission in the following forfh: (1-p) ("FT—1)
oRr=0gexp(—E,/KT), (23 Wwhich for g<1 becomes
whereE,; is an activation energy equal to the vibration en- B
ergy of free carrier state at the intersection with the bound Zo=1- Tk—(e olKT 7y -
state. Hence the resulting electron lifetime due to nonradia-
tive recombination in the deep level is given by Insertingz, in Eq. (28) and then the preexponential factr
in Eq. (27) we obtain
1
o7 =PAORVe, (24) hw)? @ hol2kT

C-A o(T)=0o| 17 2 7

where v, is the mean electron thermal velocity in the con- {In E(eh“””— 1)” (1—e holkT\E/ho

duction band. According to Eq$23) and (24) the electron (29
lifetime 7¢', increases with decreasing temperature due to
the decrease of the recombination cross section. where o is a temperature independent constant. Equation
At low temperatures such an activation process is sup¢29) differs from that derived by Abakumaost al.in Ref. 45
pressed and the necessary states crossing may be achievediyythe factore /T that plays an important role at low
lattice vibration tunneling at energies significantly less thantemperatures. FOoF<# w/2k the energy of zero oscillation of
E.c. The theory of multiphonon nonradiative capture wasthe active phonon modé& s=%w/2 is the effective activa-
reported by many authoffor example, Ref. 38, 44, 45, and tion energy.
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In order to determine the coupling constghfor the Zn Wiee
center in InP, the polaron shifE has to be calculated. In Ot O W (32)
polar crystals the electron interaction with the longitudinal noooree
optical phonons is the main contributionAde, and its value  where o is the electron capture cross-section in a charged
may be deduced from the intensity ratio of the first LO-shallow centerg, is the thermal ionization rate from the
phonon replica to the phononless luminescence peak. In theap, given by®
case of weak coupling this ratio equalsS
= S,cotanhi w/2kT) where S, is the Huang-Rhys facttft 1 Eq
and determines the average number of the emitted phonons en:aUcUeNc exp{ kT
as a result of optical transition. Our experimental data show
that at low temperatures, defined By<7 w/2k (~260 K),  whereN, is the effective density of states in the conduction
the intensity ratio equals t&~Sy,=AE/fw ¢=0.05. Al- band, andy andEq are the degeneracy factor and the ioniza-
most the same ratio of 0.055 was obtained byl&et al?’  tion energy of the donor level, respectiveW,. is the total
in InP for the phononless peak at 1.37 eV and its LO-phonomecombination rate of an electron captured in the trap, ex-
replica; the polaron energy shift is thus equal AE  plained in detail below.
=Shw o=2.15meV. The radiative electron capture from  The cross sectionr, was first calculated by La¥ and the
the conduction band to the acceptor Zn level results in dheory was further developed by Abakumet/al 28 Accord-
photon emission at an energy Bf,,=1.37 eV. Thus the ing to this theory(“the nonradiative cascade captuje’a
corresponding energy of the optical ionization exceeds theonduction band electron can be trapped by the high-excited
luminescence energy by the Stokes shift equal toE2  states of the trap, and then can be reemitted into the conduc-
Eopt= Eumt 2AE. tion band or can make cascade transitions into a lower ex-

In our caseE,,=1.374 eV and hence the binding con- cited state by emission of one acoustic phonon. It was
stant = AE/Ey=1.56x10 3. Equation(29) shows that showr?® that the cross section of a free carrier capture in a
the temperature dependence of the multiphonon capturgingly charged center is equal to
cross-section strongly depends on the rati& gindzw. The

, (32)

thermal ionization energy of the Zn center B=En, _4_77 e_2 ° (33)
+AE=1.372 eV, the phonon energfow=43.3 meV and UC_SIO ekT/ ’

00=1.35x10 3 cn? were determined from fitting the PL

data as shown in Sec. V below. This valuefab is in an kKT

excellent agreement with the energy of the LO phonons in lo=l5- (34
InP; for example infrared reflectivity and Raman measure- N

ments gave values of 43 and 42.8 meV respectit/efs. wheree is the semiconductor dielectric constaht v,7 is

This result is also in agreement with the radius of thethe electron mean free path due to collisions with acoustic
localized state ,=#%/y2m* Eg=12.6 A which significantly ~phonons, is the corresponding energy relaxation time, and
exceeds the interatomic distance in the InP latt@&4 A);  sis the speed of sound. At=77 K in InP the electron mo-
thus the electron wave function hardly overlap with the localbility u.=5x10* cn?/s,** and as a result at this tempera-
impurity oscillation. Thus the localized electron actively in- ture 7,=2.2x10"*?s, and from Eq.(34) using s=5.1
teracts only with the LO phonons, which are emitted in thex 10° cm/s thenl,=1.25x10" 2 cm. Using these param-
process of the nonradiative electron capture. If the functioreters the cross section for electron capture in the shallow trap
o(T) is approximated by the simple exponential dependenceill be
of Eq. (23), the activation energy is 21 meV, approaching the

zero oscillation energyi w, o/2=21.65 meV. Such tempera- 0.=2.9x10 *(300/T)3 cn?. (35
ture dependence is obtained from ER9) at high tempera-
tures. The net recombination rate of electrons in the shallow
level is determined by the cross section[Eqg. (31)], which
G. The effect of the shallow trapping levels takes into account three processes by which the electrons

eave the shallow levels. These include tunneling to the ac-

As the temperature decreases the shallow traps capture tbg o P .
: tors, and recombinatiof@ither radiatively or nonradia-
photogenerated electrons. We will show below that at temT- P of y

o ively) with free holes in the conduction band:
peratures between 15-30 K these traps change significantly y)
the conduction band electron lifetime. At low temperatures W= Wit W+ WA, (36)

the electron trapping probability in the shallow ionized donor
centers depends on their concentratign and on the effec- Here W, ,, and W} ,, are the recombination rates of the ra-

tive trapping cross sectioa; through diative and nonradiativé®-V transitions, respectively. The
1 radiative D-V transition is analyzed using the theory pre-
i sented by Dumké&’ The donor to valence band radiative re-
NtO'tve. (30) . 4 X
Ty combination rate can be written as
According to Ref. 43 the value aof, is a product of the )
capture and the emission probability from the trap p-v=Bpv[Ap+po(T)], (37)

115210-7



Y. ROSENWAKS, I. TSIMBEROVA, H. GERO, AND M. MOLOTSKII PHYSICAL REVIEW B58, 115210(2003

wherepg(T)=Na—pa(T) is the equilibrium hole concentra- 10°F Pz - - —
tion in the valence band. The recombination rate constant 10°F /____(a)__/-/ i
Bp.y is given by _10°f ;.-" i
64271, HE, | Py.c|2€2T(T) :mo:% 1
r V-Cl =0tV —
D-v= Csmzfm Ey)2 ' (38 ié 125 f:f#{m\”\ﬂﬁ\o\o\o

0 e—=D E-% 104r/ \,(R D\(c)\n\u\o ]
whereEp is the donor binding energy ard,(T) accounts - o’k **.\ T
for the decrease in the radiative transition probability caused 107 rl A ]

by the thermal filling of the states in the valence band. If the . ML) s

emitted photon energy is assumed to be equal to the band 0 50 100 150 200 250 300
gap, we obtain Temperature [K]

FIG. 5. The four main recombination processe#nP, cal-
(39) culated using Eq43) with the recombination parameters extracted
from fitting the measured effective lifetiméa): nonradiativeA-C

. 14,40 ; recombination,(b) radiative A-C recombination,(c) band-to-band
Using Eq.(7) andEp=7 meV“""the ratio between the rate giative recombinationd) trapping in the shallow donorlike cen-
constants of the radiativ®-V transition and the band-to- g

band radiative transitioB is

5 64v2mn AEZEST\(T)
V-D— C3m0( meED)3/2

By.p=238B,I"\/(T). 40 1 1 1 1 1
v-D ol'v(T) (40 — =+t : (43
T Tca Tca Tt TCv

CalculatingI'y(T) taking into account both the light and
heavy holes it is found that it changes from 016 K) to 2

X102 (300 K). ] o o We can now use E(q43) to calculate the effective electron
For the analysis of the nonradiathi-V recombination |ifetime r as a function of temperature. The calculated value

process the model, proposed by L&xhas been used. Ac- can be fitted to the measured electron lifetime in order to

cording to this model a free carriéa hole in our casepo-  extract the main recombination parameters.

larizes the neutral donor center, inducing a dipole moment; The result of this fitting procedure is shown in Figh}

D-V nonradiaﬂve recombination process. Its I’ecombina’[iorTerL data’ represented by the error bars' together Wlth a

rate may be written as solid line, which is a fit of Eq(44) to the experimental data.
The fit enabled us to find five recombination parameters: the
nro __
Wo.v=0p.v(T)vp[ AP+ Po(T)], (42) cross section and the phonon energy forAR€ nonradiative
where op.(T) is the cross section for hole capture in the Fecombination  processo=1.35x10"*cn? and fiw
electron occupied neutral donor center, andis the hole ~=43.3 meV, respectively, the density of the donor-like trap-

thermal velocity. Such a cross section was determined exping centersN;=1.1x 10*+3x 10" cm"°, the cross sec-
perimentally at low temperature for germanidfnit was  tion of the nonradiative donor-valence band recombination
shown thatop. (4.2 K)=5X 10" cn? and it is propor- Process op.y=(4.4+2.7)x10 ¥ cn? (300 K), and the
tional to T~2; such temperature dependence agrees with thBand-to-band radiative rate consta(300 K)=(5.2+2.6)

Lax model. Thus, the capture cross sectigg, has to de- X 10 HenPs

crease to 10 cm? at 300 K. In our calculation we have  Using these constants the temperature dependence of the
usedop.y in the form four main recombination processes can now be calculated.

Figure 5 shows these four recombination ratéisided by

2 An) as a function of temperature. The recombination rate in
O'D—V(T):A(T> 10 cn?, (42)  the deep acceptor leviturve (a)] decreases with decreasing
temperaturgeffective lifetime increagebecause the lattice
whereA is a fitting parameter thermal vibrations, driving this recombination process are
suppressed at low temperatures. At low temperat(relow
V. COMPARISON WITH THE EXPERIMENTAL RESULTS ~30 K) the electron lifetime is determined by three main

) ) ) _ processes: radiative-A [curve(b)] andC-V [band-to-band,

According with the above analysis, the electron lifetime cyrve (c)] transitions, and trapping at the shallow donorlike
in p-type InP is determined by the following processes: ra-centers/curve (d)]. At temperatures above 30 K, the C-A
diative and nonradiative recombination in the neutral deeg,gnradiative procesiurve (a)] becomes the most efficient
acceptor centers with lifetimes._, [Eqs.(17) and(19)] and  recombination channel and determines the electron lifetime.
e [Egs. (24) and (29)], respectively, electron trapping in  Moreover, it is observed that the nonradiati®eA recom-
the charged unintentional donor levels with a lifetime  bination lifetime reaches a value of a few nanoseconds at a
[Egs. (30—(42)], and a radiative band-to-band recombina-temperature of around 80 K, and does not change signifi-
tion characterized by [Eq. (6)]. The effective bulk life- cantly with increasing temperature. Due to the fact that the
time is then band edge and the acceptor PL peaks merge at a temperature
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of around 100 K, we conclude that tl&A recombination short minority carrier lifetime in this crystal down to a tem-
process determines also the PL decay rate of the band edgerature of around 30 K. At lower temperatures the lifetime
PL peak. is determined by three main processes: radiative band-to-
band recombination, radiative recombination in the deep ac-
ceptor level, and trapping at the shallow unintentional donor
VI. SUMMARY impurity centers. A fit of the measured effective bulk lifetime
. .. to a recombination model based on the main recombination
We have presented a comprehensive study of minorityocesses enabled us to extract several important parameters:
carrier lifetime and recombination mechanisms prINP  the cross section and the photon energy for the electron-
single crystals, based on steady state and time-resolved phReutral acceptor recombination rate, the density of the donor-
toluminescence measurements at a wide temperature ranfjie trapping centers, the cross section of the nonradiative
(15-300 K. It was found that nonradiative recombination at donor-valence band recombination process, and the band-to-
Zn-induced neutral acceptor centers is responsible for thband radiative rate constant.
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