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Exciton-impurity interactions in high-purity InP
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Temperature-dependent photoluminescence measurements have been performed to study the linewidth of the
lower and upper polariton branches of the free-exciton transition in four high-purityn-type InP epilayers with
a concentration of neutral shallow~deep! donors in the range of 7.931013– 231015 cm23 @(0 – 1.45)
31014 cm23#. A line-shape analysis of the photoluminescence spectra revealed that the emission from upper-
branch polaritons broadens rapidly when the temperature increases, while that of lower-branch polaritons
displays a much smaller broadening in the corresponding temperature range. Moreover, when the concentration
of neutral deep-donor centers is higher than that of neutral shallow donors, the emission linewidth from
lower-branch polaritons exhibits a striking narrowing in the temperature range of 10–30 K. In addition, we
have observed that the onset of emission linewidth narrowing from lower-branch polaritons shifts to lower
temperatures as the neutral shallow-donor concentration is increased but kept below that of the neutral deep
donors. In contrast, when the shallow-donor concentration is higher than that of the deep-donor centers, the
emission linewidth narrowing from lower-branch polaritons vanishes. That behavior is similar to that obtained
in a sample free of deep-donor centers, which at low temperatures does not display an emission linewidth
narrowing of the lower polariton branch. Taken all together, our results cannot be explained within the
framework of the standard polariton transport model, but are nevertheless well reproduced by a phenomeno-
logical model which takes into account polariton scattering by bound excitons, ionized impurities, and
phonons.@S0163-1829~99!03703-0#
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I. INTRODUCTION

In direct-gap III-V semiconductors such as InP or GaA
exciton-photon interactions result in the formation
coupled modes called polaritons. The polariton dispers
curve in InP or GaAs can be described by a two-bran
model:1,2

e~k,E!5eb1
4pbEn

2~k!

En
2~k!2E2 , ~1!

En~k!5En,T1
\2k2

2M
, ~2!

En,LT5En,L2En,T5F S eb14pb

eb
D 1/2

21GEn,T , ~3!

wherek, E, and e(k,E) are, respectively, the wave vecto
energy, and dielectric function of the polariton.eb is the
background dielectric constant without the polariton con
bution, andM and b are, respectively, the total mass a
polarizability of the exciton.En,T andEn,L are, respectively,
the nth transverse andnth longitudinal exciton energies
En,LT represents thenth longitudinal-transverse splitting en
PRB 590163-1829/99/59~3!/1973~13!/$15.00
,

n
h

-

ergy which gives a measure of the coupling strength betw
the uncoupled longitudinal and transverse excitons atk50.
The values of those parameters for InP are given in Tab
Only the transverse exciton can interact with the electrom
netic field. The dispersion relation of the transverse pola
tons is described bye(k,E)5(\ck/E)2, and that of the lon-
gitudinal polaritons bye(k,E)50. Figure 1 shows the
energy dispersion curves of InP forn51. The upper polar-
iton branch~UPB! begins atE1,L and quickly becomes pho
tonlike at higher energies, while the lower polariton bran
~LPB! becomes photonlike belowE1,T . For example, the
lower-branch polaritons may be scattered by phonons
the energy region below or nearE1,T , where radiative decay
of polaritons can take place through their photon com
nents. In the course of that process, bottlenecking may o
whereby a quasithermal equilibrium of polaritons may
established, as first noted by Toyozawa.3 As shown in the
inset of Fig. 1, the group velocity of such lower-branch p
laritons,nLPB5\21(dELPB /dk), varies very rapidly with en-
ergy, and has a minimum at the bottleneck. Consequen
velocity-dependent scattering processes are expected t
greatly enhanced in that energy region. The existence
propagating mode such as the polariton in the crystal ha
profound effect upon the photoluminescence~PL! process,
1973 ©1999 The American Physical Society
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1974 PRB 59R. BENZAQUEN, R. LEONELLI, AND S. CHARBONNEAU
which must be viewed within the framework of a transp
problem. Instead of a population of free excitons, which c
recombine anywhere in the crystal producing photons
are free to exit the crystal unhindered, there is a popula
of polaritons that can produce external PL if the excitat
first travels to the surface. In the polariton picture, a pol
iton impinging on the crystal interface has a certain proba

FIG. 1. Energy and group-velocity dispersion curves for
lower polariton branch~LPB!, upper polariton branch~UPB!, and
longitudinal branch~LB!, of n-type InP obtained using Eq.~1!.

TABLE I. Physical parameters ofn-type InP.m* and mnh* re-
spectively, are the electron and heavy-hole masses,b is the polar-
izability of the exciton, andes ande` are, respectively, the low an
high dielectric constants.E1,T is then51 transverse exciton energy
To the temperature of the polar-optical phonons,rm the mass den-
sity, E1 the acoustical deformation potential,CL the longitudinal
speed of sound,p the piezoelectric coefficient, andELO the
longitudinal-optical-phonon energy.Eg(0) is the 0-K band gap,l
and R are, respectively, the coefficients of the thermal expans
and compressibility, and (]Eg /]P)T is the variation of band gap
with pressure.

m* ~a.u.! 0.082
mhh* ~a.u.! 0.85

ELO ~meV! 42.8
E1,T ~eV! 1.4185
E1 ~eV! 6.8

b 1.9431024

eb5es 12.38
e` 9.55

To ~K! 497
rm ~g/cm3! 4.487
CL ~cm/s! 5.0283105

p 0.013
Eg(0) ~eV! 1.42

3l /R(]Eg /]P)T ~eV/K! 531025
t
n
at
n

-
l-

ity of being transmitted as a photon and a certain probab
of being reflected back. In particular, the low-temperatu
free-exciton PL ofn-type GaAs with moderate donor con
centration exhibits a dip at the energy corresponding to
exciton bottleneck, where the polariton group velocity
lowest ~see the inset of Fig. 1!. That dip, whose magnitude
mostly depends on impurity concentration4,5 and surface
quality,6,7 has been explained on the basis of polariton sc
tering by impurities or surface defects that prevent polarito
from reaching and escaping from the surface.4,5 In samples
with very low donor concentration (ND<1015 cm23), the
dip disappears and the free-exciton emission line shape
comes slightly asymmetrical, with a full width at half max
mum ~FWHM! of about 0.5 meV both in GaAs~Refs. 4 and
7! and InP.8 Recently, however, free-exciton lifetim
measurements7 have cast some doubts on the use of the st
dard polariton transport model3,4 to explain the kinetics of
free-exciton recombination in direct-gap III-V semicondu
tors.

In order to understand better the optical mechanisms
sponsible for the emission linewidth of both the LPB a
UPB components of the free-exciton transition, we ha
studied the free-exciton emission linewidth as a function
temperature in four high-purity, low-compensation,n-type
InP epilayers. The present paper provides a detailed acc
of polariton phenomena that complements the prelimin
results published recently on a high-purityn-type InP
epilayer.9 The paper is organized as follows. In Sec. II, w
briefly describe the sample growth, the various experime
setups, and the low-field electronic transport analysis. S
tion III presents the PL and time-resolved photolumine
cence~TRPL! data for our samples. Finally, Sec. IV presen
the conclusions which can be drawn from this work.

II. EXPERIMENTS

The InP epilayers, samples 1–3, were grown by chem
beam epitaxy using phosphine (PH3) and trimethylindium.
Sample 4 was grown by low-pressure metal-organic che
cal vapor deposition using PH3 and triethylindium. The ep-
ilayers were deposited on~100! semi-insulating Fe-doped
InP substrates oriented 2° off~100! toward ^110&. Details
about the growth conditions are given elsewhere.11,12 All the
layers had a thickness of 5mm as measured using a scanni
electron microscope or an electrochemical profiler.

The optical measurements were carried out in a liqu
helium flow cryostat with the samples mounted strain free
a Cu block. The temperature of the sample holder could
varied between 4.2 and 300 K with an accuracy of60.1 K.
The PL was excited using a HeNe laser, dispersed b
0.64-m spectrometer, and detected by a liquid-nitrog
cooled charge-coupled device. The pulse excitation for
TRPL experiments was provided by a mode-lock
Nd31:YAG ~yttrium aluminum garnet! laser pumping a
Rhodamine 640 dye laser. The resulting 5-ps pulses wer
a wavelength of 620 nm; and the repetition rate was set
MHz in order to extend the time range. The transient
measurements were carried out using a delayed coincid
photon-counting system. The instrumental response of
system had an exponential decay of 100 ps. The spe
resolution and excitation power density were set, resp

n
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TABLE II. Results obtained from the analysis of fourn-type InP samples.ND1
, ND2

, and NA are,
respectively, the shallow-donor, deep-donor, and acceptor concentrations.sD2

is the standard deviation of th
band of deep donors, centered at the binding energyED

2
c. ED1

is the shallow-donor binding energy.nD1
and

mD1
, are, respectively, the electronic concentration and mobility in the shallow-donor band.

No.
ND1

~cm23!

ND2

~cm23!
NA

~cm23!

sD2

~meV!

ED1

~meV!

ED
2
c

~meV!

mD1

~cm2

V21 s21!

nD1

~cm23!

1 7.9 31013 1.3931014 3.7 31013 70 7 160 903 2.931013

2 1.3831014 2.0 31014 7.3 31013 65 7 160 2251 1.2131013

3 1.8231014 1.4531014 6.8 31013 75 7 160 580 1.3531014

4 2.0 31015 2.4831014 6 652 2.5131013
-
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tively, at 0.04 meV and 1 W/cm2 for all the optical measure
ments.

A detailed account of the low-field electronic transpo
measurements performed on samples 1–3 was rece
published.8,10 Sample 4~the deep-donor free sample! was
shaped in a standard multiarm bridge configuration, a
Au-Ge contacts were deposited and annealed at 450 S
All contacts were checked for linearity of the current-volta
(I -V) characteristics and the sample had excellent uni
mity, as verified with voltage readings across the vario
contacts. To avoid temperature gradients between the sa
and the alumina holder, the temperature was varied with
heat supply, rising slowly from the lowest temperature. T
data were collected with a precision high-impedance d
acquisition system13 under low-electric-field~20 mV/cm!
and low-magnetic-field~1 kG! conditions. The analysis o
the low-field electronic transport data was performed us
the iterative solution to the Boltzmann equation due
Rode,14 and the material parameters reported in Table I
detailed account of the low-field electronic transport analy
carried out on samples 1–3 is reported elsewhere.8,10 The
low-field electronic transport analysis of sample 4 has b
carried out using a procedure identical to that of samples
~not shown!. Table II presents the results obtained from t
analysis of the low-field electronic transport data. We po
out that the uncertainties of the parameters quoted in Tab
fell significantly below 5% for all samples. As shown
Table II, our samples are characterized by a shallow-do
band centered atED1

56 or 7 meV, whose width can b

estimated to 1% ofED1
.15 In addition to an extremely narrow

shallow-donor band where both disorder and strong C
lomb interactions play crucial roles in the electrical condu
tion, samples 1–3 are characterized by a broadband of lo
ized deep-donor centers centered atED

2
c5160 meV below

the conduction-band edge, with a FWHM of about 1
meV.8,10,16

III. PHOTOLUMINESCENCE
AND TIME-RESOLVED PHOTOLUMINESCENCE

The near-band edge PL of direct-gap III-V semiconduc
compounds such as InP or GaAs is usually dominated
liquid-helium temperatures by bound and free excitonic tr
sitions. Due to the exciton localization around the bindi
centers, bound-excitonic~BE! complexes give usually nar
row PL line shapes, in sharp contrast with the much broa
t
tly
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free-exciton emission. It is widely believed that the emiss
linewidth of free excitons is well understood. However,
far, little effort has been devoted to the accurate descrip
as a function of temperature of the emission linewidth
both the LPB and UPB components of the free-exciton tr
sition.

The free-exciton emission linewidthg i ( i 5LPB or UPB!
in a bulk III-V semiconductor such as InP or GaAs can
expressed as9,17,18

g i~T!5g~0!1g I1gBE1gA1gO . ~4!

The first term in Eq.~4!, g~0!, represents the intrinsic
linewidth, and is determined at the lowest temperatures
several scattering processes such as exciton-exciton sc
ing, exciton-carrier scattering or carrier-carrier scatteri
The second term in Eq.~4!, g I , arises from scattering due t
ionized impurities and is given by8,10

g I~T!5(
i 51

2

gD
i
15(

i 51

2

GD
i
1NDi

1 , ~5!

ND1

1 5
ND1

112 expS EF2ED1

kBT
D , ~6!

ND2

1 5ND2
2E

2`

1`

GD2
~E! f 0~E!dE, ~7!

GD2
~E!5

ND2

A2psD2

expF2
1

2 S E2ED
2
c

sD2

D 2G , ~8!

f 0~E!5
1

11
1

2
expS E2EF

kBT D , ~9!

whereNDi

1 is the concentration of ionized shallow (i 51) or

deep (i 52) donors, andGDi

1 is their associated broadenin

cross section, to be determined from our data analysis.NDi
is

the concentration of neutral shallow (i 51) or deep (i 52)
donors,GD2

(E) is the density of states of the band of loca
ized deep donors, taken in a first approximation as a Ga
ian distribution normalized toND2

and centered atED
2
c, with
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a standard deviationsD2
. f 0(E) represents the Fermi-Dira

distribution function. The computation ofg I requires the
evaluation of the Fermi energyEF through the numerica
solution of the neutrality equation

nc2(
i 51

2

NDi

1 1NA50, ~10!

nc5E
Ec

1`

Gc~E! f 0~E!dE, ~11!

Gc~E!5
4md

h2 k, ~12!

k5XmEg

\2 H m

m*
1

2E

Eg
2F S m

m* D 2

1
4E

Eg
S m

m*
21D G1/2J C1/2

,

~13!

d5
1

11S m

m*
21Da21

, ~14!

a5F11
2\2k2

Eg
S 1

m*
2

1

mD G1/2

, ~15!

wherenc is the concentration of free electrons,Gc(E) the
density of states of the conduction band,Ec the energy of the
bottom of the conduction band, andEg the temperature-
dependent band gap.m and m* are, respectively, the free
electron mass and the electron effective masses. Figu
presentsEF as a function of temperature for our sample
The calculations have been referenced with respect to

FIG. 2. Fermi energy as a function of temperature for samp
1–4. ED1

is the shallow-donor binding energy.ED
2
c is the binding

energy of the center of the deep-donor band.
2
.
he

bottom of the conduction band. As the temperature increa
EF falls deeper into the energy gap and eventually reac
within a fewkBT of the shallow- and deep-donor centers.
that point, the donor centers begin to ionize. When the de
donor centers are taken into account in our model~samples
1–3!, we observe a faster rate of fall ofEF into the band gap.
We point out that the band of deep-donor centers is not c
pletely ionized at room temperature, as evidenced by
300-K EF value of about 225 meV.

The third term in Eq.~4!, gBE, is due to the scattering o
polaritons by localized excitons. Such an interaction h
been shown recently to control the low-temperature emiss
linewidth of high-purity n-type InP ~Ref. 9! and of
GaAs/GaxAl12xAs multiple quantum wells.18 The tempera-
ture dependence ofgBE should be proportional to the con
centration of bound excitons:19

gBE~T!5(
i 51

2

gBEi
5(

i 51

2

g~B,X! i
NBEi

, ~16!

NBEi
5

NDi

11C~B,X! i
T3/2 expF2

EB,X

kBT G , ~17!

C~B,X! i
5S 2pMkB

h2NDi

2/3 D 3/2

, ~18!

whereNBEi
is the concentration of shallow (i 51) or deep

( i 52) donor bound excitons, andg (B,X) i
is their associated

bound-exciton broadening cross section.EB,X is the exciton
localization energy, andC(B,X) i

a constant linked to the con

centration of binding centersNDi
. The parametersg (B,X) i

and

EB,X will be determined from our data analysis.
The remaining terms in Eq.~4!, gA and gO , are due,

respectively, to the interaction of excitons with the LA- an
LO-phonon modes of the lattice, and are given by17

gA~T!5gLAT, ~19!

gO~T!5
gLO

expS ELO

kBTD21

, ~20!

wheregLA andgLO are, respectively, the LA coefficient an
the LO linewidth parameter, to be determined from our d
analysis, andELO is the LO-phonon energy of InP~see Table
I!.

Figures 3–6 display, for samples 1–4, the temperat
dependence of the PL spectra in the excitonic region.
clarity, the spectra corresponding to each sample have b
normalized to the same maximum value. The PL spectra
hibit apparent similar optical features. At the lowest tempe
ture, the PL spectra are characterized by sharp neu
shallow-donor–bound-excitonic transitions (D1

0,X)n ~e.g.,
structuresd–g of Fig. 3!, and by the LPB of then51 free-
exciton (FE1) transition ~e.g., structurec of Fig. 3!. The
shoulder observed at higher photon energy is attributed to
UPB of the FE1 transition ~e.g., structureb of Fig. 3!. Al-
though the origin of the excited states of the (D1

0,X) com-

s
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plex is still controversial, they are usually attributed to d
ferent angular momentum states of theJ5 3

2 hole
characteristic of the valence-band maximum.20 We point out
that sample 4, which is characterized by a value ofND1

much
higher than that of samples 1–3~see Table II!, displays a
4.2-K PL spectrum where the (D1

0,X)n transitions dominate
over the FE1 emission peak, as shown in Fig. 6. In contra
the 4.2-K PL spectra of samples 1–3 are dominated at h
photon energies by strong FE1 emissions, as shown in Figs
3–5. Those high-quality optical features are linked to
electrical characteristics of samples 1–3, which consis
depressed 300-K Hall mobility (mH) values~well below 6
3103 cm2 V21 s21! and of exceptionally high low-
temperature mH peak values ~well above 2
3105 cm2 V21 s21!. As already mentioned, detailed ele
tronic transport and optical studies8,10,15 recently carried out
on samples 1–3 revealed the presence of a broadban
localized deep-donor centers extending into the gap. Lin
to the presence of that band, a bound-excitonic PL b
(D2

0,X) with a FWHM of about 22 meV was observed b
tween the acceptor–bound-excitonic (A0,X) doublet transi-
tion and the neutral shallow-donor–acceptor pair recomb
tion (D1

0,A0) ~e.g., structurek in the inset of Fig. 3!. As
expected, sample 4, which is free of deep donor centers~see
Table II!, does not exhibit any PL optical structure locat
between the (A0,X) doublet transition and the (D1

0,A0) pair
recombination, as shown in the inset of Fig. 6.

FIG. 3. Temperature-dependent PL spectra ofn-type InP
~sample 1!. a5FE2 is then52 free-exciton transition.b andc are,
respectively, the UPB and LPB components of the FE1 transition;
d–g are the neutral shallow-donor–bound-excitonic transitio
(D1

0,X)n ; h5(D1
0,h) is the neutral shallow-donor to free-hole r

combination; i 5(D1
1 ,X) is the ionized shallow-donor–bound

excitonic transition; j 5(A0,X) is the neutral acceptor–bound
excitonic transition;k5(D2

0,X) is the neutral deep-donor–bound
excitonic transition; and 15(D1

0,A0) is the neutral shallow-donor–
acceptor pair recombination. The solid curves are Lorentzian fit
structuresb andc.
,
h

e
f

of
d
d

a-

The slightly asymmetrical 4.2-K FE1 emission line shapes
shown in Figs. 3–6 indicate semiconductor crystals with
low concentration of donors~see Table II!. As displayed in
Figs. 3–6, with increasing temperature, the PL intensities
the (D1

0,X)n complexes are drastically reduced with resp
to those of the FE1 transitions due to the thermal dissociatio
of the (D1

0,X)n complexes. In particular, the (D1
0,X)n51 and

(D1
0,X)n52 complexes are known to dissociate through tw

dissociation paths.21 When the temperature is increased
about 8 K, the dominating dissociation process results in
liberation of free excitons from shallow donors. When t
temperature is further increased to 20 K, the liberation
free electrons and free holes is responsible for the disso
tion of the (D1

0,X)n51 and (D1
0,X)n52 complexes. In con-

trast, the temperature dependence of the FE1 transition is
quite intriguing. As shown in Figs. 3–6, with increasing tem
perature, the FE1 emission line shapes can be seen as the s
of a narrow and a broad component. That is particularly e
dent in the spectrum taken at 46 K of, for example, sampl
As in a previous work,9 to quantify that effect, we have
empirically chosen a sum of two Lorentzians to take in
account both the LPB and UPB emissions

I ~E!5 (
i 5LPB,UPB

I i

11S E2Ei ,c

g i
D 2 , ~21!

s

to

FIG. 4. Temperature-dependent PL spectra ofn-type InP
~sample 2!. a5FE2 is then52 free-exciton transition.b andc are,
respectively, the UPB and LPB components of the FE1 transition;d
ande are, respectively, then51 and 2 parts of the neutral shallow
donor–bound-excitonic transitions (D1

0,X)n ; f is a combination of a
neutral shallow donor to free-hole recombination (D1

0,h) with an
ionized shallow-donor–bound-excitonic transition (D1

1 ,X); g
5(D2

0,X) is the neutral deep-donor–bound-excitonic transition; a
h5(D1

0,A0) is the neutral shallow-donor–acceptor pair recombin
tion. The solid curves are Lorentzian fits to structuresb andc.
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where thei th Lorentzian line shape of intensityI i is centered
at the photon energyEi ,c , with a half-width at half maxi-
mum g i . The results of an iterative least-squares fit to
normalized PL data using Eq.~21! are also shown in Figs
3–6. For samples 1–3, the least-squares calculation has
carried out in an energy interval carefully chosen aroundEi ,c
to minimize contributions from neighboring transitions to t
overall line shape of the FE1 transition. In contrast, the FE1
emission peak of sample 4 is significantly affected by nei
boring transitions such as the (D1

0,X)n recombinations. The
results of fits for sample 4 which take into account all r
evant near-band-edge transitions contributing to the PL s
tra are also shown in Fig. 6. The agreement between exp
mental and theoretical line shapes for samples 1–4
excellent in the temperature range of 4.2–80 K. We point
that the PL measurements for sample 4 were performe
the temperature range of 4.2–50 K to avoid excessive bro
ening of the LPB and UPB components of the FE1 transition
which could lead to an inaccurate determination ofg i at high
temperatures.

Figure 7 presents for samples 1–4 the temperature de
dencies of the photon energiesELPB,c ~triangles! andEUPB,c
~circles!. As shown in Fig. 7,ELPB,c and EUPB,c follow the
temperature dependence~with ELPB,c,EUPB,c in the tem-
perature range of 4.2–80 K! predicted by the well-known
Varshni equation22

Ei ,c~T!5Ei ,c~0!2
a iT

2

~b i1T!
, ~22!

FIG. 5. Temperature-dependent PL spectra ofn-type InP
~sample 3!. a5FE2 is then52 free-exciton transition.b andc are,
respectively, the UPB and LPB components of the FE1 transition;d
ande are, respectively, then51 and 2 parts of the neutral shallow
donor–bound-excitonic transitions (D1

0,X)n ; f is a combination of a
neutral shallow-donor to free-hole recombination (D1

0,h) with an
ionized shallow-donor–bound-excitonic transition (D1

1 ,X); g
5(D2

0,X) is the neutral deep-donor–bound-excitonic transition; a
h5(D1

0,A0) is the neutral shallow-donor–acceptor pair recombi
tion. The solid curves are Lorentzian fits to structuresb andc.
e
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whereEi(0), a i , and b i are assumed to be adjustable p
rameters (i 5LPB or UPB!. The solid lines of Fig. 7 have
been generated using Eq.~22! with the parametersEi(0),
a i , andb i quoted in Table III.

In Figs. 8–11, for samples 1–4 we display the tempe
ture dependencies of the experimental linewidthsgLPB and
gUPB of the FE1 transitions. As shown in Figs. 8–11,gUPB
increases more rapidly as a function of temperature t
gLPE. In addition, samples 1 and 2 exhibit an initial increa
of gLPB followed by an abrupt decrease at'25 and 15 K,
respectively. In contrast, samples 3 and 4 do not show su
reduction ofgLPB at low temperatures, as displayed in Fig
10 and 11. The standard polariton transport model from R
4 is insufficient to explain the temperature dependencies
gLPB andgUPB shown in Figs. 8–11. That model is based
a single scattering mechanism~neutral impurities! which op-
erates at the lowest temperatures. The effects that we obs
span over a broad temperature range~4.2–80 K!, where sev-
eral scattering mechanisms affect the polariton emission
shape. In addition, the standard polariton transport mo
cannot explain the existence of two independent Lorentz
distributions describing, in a broad temperature range,
emission line shapes of both the LPB and UPB compone
of the FE1 transition. Moreover, the behaviors ofgLPB and
gUPB at high temperatures~see Figs. 8–11! indicate that UPB
emission can be observed in the same energy range as
emission. That observation is incompatible with the stand
polariton transport model, which requires that the hig
energy part of the FE1 emission be composed of uppe

d
-

FIG. 6. Temperature-dependent PL spectra ofn-type InP
~sample 4!. a andb are, respectively, the UPB and LPB componen
of the FE1 transition; c–e are the neutral shallow-donor–bound
excitonic transitions (D1

0,X)n ; f is a combination of a neutra
shallow-donor to free-hole recombination (D1

0,h) with an ionized
shallow-donor–bound-excitonic transition (D1

1 ,X); g5(A0,X) is
the neutral acceptor–bound-excitonic transition; andh5(D1

0,A0) is
the neutral shallow-donor–acceptor pair recombination. The s
curves are Lorentzian fits to structuresa–g.
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branch polaritons and the low-energy part of lower-bran
polaritons, with some admixture of both types of polarito
in a narrow energy range nearE1,L .5

In the insets of Figs. 8–11, we display the temperat
dependencies of the integrated intensitiesI LPB* andI UPB* . Re-
garding samples 1 and 4, at the lowest temperatures, mo
the polariton population resides in the bottleneck region
the LPB. As the temperature is raised to'25 K, I LPB* de-
creases very rapidly whileI UPB* increases. That indicates th
there exists an energy-transfer path whereby, for a given
ergy, the lower-branch polariton population is converted i

FIG. 7. Temperature dependencies of the photon energiesELPB,c

~triangles! and EUPB,c ~circles! of n-type InP ~samples 1–4!. The
solid lines represent fits obtained using Eq.~22!.

TABLE III. ParametersEi ,c(0), a i , and b i of Varshni’s Eq.
~22! obtained for four InP samples.

Ei ,c(0)
~eV!

a i

(1024 eV K21)
b i

~K!

No. 1
LPB 1.4189 7.7 625
UPB 1.4194 7.4 580
No. 2
LPB 1.4189 8 615
UPB 1.4194 7.5 635
No. 3
LPB 1.4189 7.4 560
UPB 1.4190 6.7 580
No. 4
LPB 1.4190 7.6 725
UPB 1.4199 9.8 1150
h
s

e

of
f

n-
o

upper-branch polaritons as the temperature is increase
'25 K. We point out that the polariton population transf
observed from the LPB to the UPB with increasing tempe
ture cannot be explained by thermal excitation, since at
lowest temperatures the densities of states of both polar
populations span the same energy range. Regarding sa
2, I LPB* 'I UPB* for temperatures below'12 K, which indi-
cates that at low temperatures both lower- and upper-bra
polariton populations do not fluctuate significantly with tem
perature, and are approximately equal to each other. H
ever, when the temperature is raised above'12 K, I LPB*
abruptly decreases whileI UPB* sharply increases and then d
creases. Finally, as shown in the inset of Fig. 10, samp
exhibits a decrease of bothI LPB* and I UPB* for temperatures
above 4.2 K. However, the rate of decrease ofI UPB* with
temperature is much faster than that ofI LPB* , as displayed in
the inset of Fig. 10.

The solid lines of Figs. 8–11 have been generated us
Eq. ~4! with the physical material parameters of InP pr
sented in Table I and the parameters reported in Tabl
which have been extracted from the low-field electron
transport analysis. The results of the fits are reported in Ta
IV. We point out thatgLPB andgUPB of all our samples have
been consistently fitted using Eq.~4! with the same values o
g~0!, gLA , and gLO . As shown in Figs. 8–11, the overa
agreement between the experimental data and the theore
calculation is excellent in the temperature range of 4.2–80
The discrepancies observed between experimental data
the theoretical calculation for samples 3 and 4 can be c

FIG. 8. Temperature dependencies of the linewidthsgLPB ~tri-
angles! andgUPB ~circles! of n-type InP~sample 1!. The solid lines
represent the full theoretical calculations obtained using Eq.~4! for
the LPB and UPB, respectively. The dashed line is the theore
calculation when bound-exciton scattering is not taken into acco
The bottom right-hand inset displays the temperature dependen
of the integrated PL intensities of structuresb ~circles! and c ~tri-
angles! of Fig. 3.
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1980 PRB 59R. BENZAQUEN, R. LEONELLI, AND S. CHARBONNEAU
rected by lettingg~0!, gLA , and gLO vary somewhat from
sample to sample. It is to be noted thatg (B,X)2

and C(B,X)2

can be determined independently from the other parame
by using the variation ofgLPB in the temperature range o
'4.2–35 K. The dashed lines of Figs. 8 and 9, which ha
been generated using Eq.~4! with gBE2

50, fail to reproduce

the low-temperature behavior ofgLPB . However, when the
polariton interaction with (D2

0,X) complexes is taken into
account, the model reproduces the observed net linew
narrowing of the LPB for samples 1 and 2. That effe
which is not observed in samples 3 and 4, is due to
vanishing of polariton scattering from (D2

0,X) complexes, as
shown by the fitted values ofEB,X quoted in Table IV. The
value of EB,X515.8 meV for sample 1 corresponds to t
spectral region near the low-energy side of the (D2

0,X) emis-
sion band~see the inset of Fig. 3!. In contrast, the value o
EB,X58.6 meV for sample 2 corresponds to the spectral
gion near the high-energy side of the (D2

0,X) emission band
~see the inset of Fig. 4!, and seems to be linked to a popul
tion of shallower (D2

0,X) complexes.
The qualitative understanding of the temperature beh

iors of gLPB for samples 1–4 requires some discussion ab
bound-exciton formation. It is well known that the bindin
energy of an exciton can be decreased by the presence
impurity. Whether or not an exciton can be trapped on
impurity is determined by the interplay of several compet
effects: energy, impurity concentration, and temperature
the total energy of the system is reduced when the excito
in the vicinity of an impurity and the temperature sufficien

FIG. 9. Temperature dependencies of the linewidthsgLPB ~tri-
angles! andgUPB ~circles! of n-type InP~sample 2!. The solid lines
represent the full theoretical calculations obtained using Eq.~4! for
the LPB and UPB, respectively. The dashed line is the theore
calculation when bound exciton scattering is not taken into acco
The bottom right-hand inset displays the temperature depende
of the integrated PL intensities of structuresb ~circles! and c ~tri-
angles! of Fig. 4.
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FIG. 10. Temperature dependencies of the linewidthsgLPB ~tri-
angles! andgUPB ~circles! of n-type InP~sample 3!. The solid lines
represent the full theoretical calculations obtained using Eq.~4! for
the LPB and UPB, respectively. The inset displays the tempera
dependencies of the integrated PL intensities of structureb
~circles! andc ~triangles! of Fig. 5.

FIG. 11. Temperature dependencies of the linewidthsgLPB ~tri-
angles! andgUPB ~circles! of n-type InP~sample 4!. The solid lines
represent the full theoretical calculations obtained using Eq.~4! for
the LPB and UPB, respectively. The inset displays the tempera
dependencies of the integrated PL intensities of structurea
~circles! andb ~triangles! of Fig. 6.
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TABLE IV. Parameters of Eq.~4! extracted from the temperature dependencies of the emission
widths corresponding to the LPB and UPB of fourn-type InP samples.GD

i
1 is the broadening cross sectio

of the ionized shallow (i 51) or deep (i 52) donor center.g(0), gLA , and gLO , respectively, are the
intrinsic linewidth, the longitudinal acoustical coefficient, and the longitudinal-optical linewidth param
g (B,X)2

is the deep-donor bound-exciton broadening cross section, andEB,X the exciton localization energy

GD
1
1(D

2
1)

(10215 meV cm3)

g~0!
~meV!

g (B,X)2

(10215 meV cm3)
EB,X

~meV!
gLA

(1022 meV K21)
gLO

~meV!

No. 1
LPB 1 ~2! 2.23 15.8 0.41 106
UPB 6 ~40! 2.3 138
No. 2
LPB 1.1 ~2! 1.6 8.6 0.41 106
UPB 4.5 ~35! 2.3 138
No. 3
LPB 0.9 ~2! 0.41 106
UPB 5 ~40! 2.3 138
No. 4
LPB 0.7 ~2! 0.41 106
UPB 1.65 ~2! 2.3 138
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low, it will be energetically more favorable for the exciton
bind around the impurity and form a bound exciton. In o
case, the situation is complicated by the presence of
competing binding populations, the shallow- and deep-do
populations, whose PL cover a broadEB,X spectral range
~from the edge of the conduction band to'39 meV below
the conduction band!. For example, if the value ofND1

is

sufficiently high with respect to that ofND2
, excitons will

start to favor binding around the shallower donor cent
rather than around the deeper ones. However, as pointed
in Ref. 23, the boundary between excitons bound to shal
and deep impurities is difficult to define. That is due to t
fact that EB,X is not necessarily a reliable measure of t
degree of localization of wave functions dominated by sho
range forces. As shown in Figs. 8 and 9, when the value
ND1

is increased sufficiently but kept below that ofND2
~see

Table II!, it becomes more favorable for the excitons to st
binding around an increasingly larger number of relativ
shallower donor centers, as evidenced by the shift to lo
temperatures of the onset of emission linewidth narrow
from lower-branch polaritons. In addition, as shown in F
10 for sample 3, whenND1

is increased significantly abov

the value ofND2
~see Table II!, the emission linewidth nar

rowing from lower-branch polaritons vanishes. It is then re
sonable to speculate that for sample 3 most of the exci
are bound around the shallowest donor centers. That in
pretation of the data is supported by the low-temperat
behaviour ofgLPB for sample 4 (ND2

50), which exhibits no

reduction ofgLPB at low temperatures, as shown in Fig. 1
Additional evidence of the favored exciton interaction w
shallower deep-donor centers in our samples can also be
vided by TRPL measurements performed across the (D2

0,X)
emission band.

The description of the dynamical relaxation process i
III-V bulk semiconductor such as InP is quite complex.24 A
photoexcited electron and hole can form an exciton by in
action with acoustical and optical phonons, and also
r
o

or

s
out
w

t-
of

t

er
g
.

-
ns
r-

re

.

ro-

a
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y

carrier-carrier interactions. The relaxation of photoexcit
pairs within the bands proceeds simultaneously with the
citon formation process. In order to describe the transient
behavior of our samples, let us consider the four-level s
tem depicted in Fig. 12. The system is pumped from
ground levelu0& to the level ue-h&, where a population of
electron-hole pairs is established. Moreover, we shall o
consider the PL signal from the free-excitonuFE& and bound-
excitonuBE&s levels, where the subscripts stands for thesth
bound-exciton level. On the one hand, theuFE& level can be

FIG. 12. Schematics of a four-level system.u0&, ue-h&, uFE&, and
uBE&s represent, respectively, the ground, electron-hole-pair, fr
exciton, and bound-exciton levels. The indexs stands for thesth
bound-exciton level.t the represents the thermalization time consta
to the free-exciton level.tFE,s andte-h,s are, respectively, the cap
ture time constants of free excitons and electron-hole pairs by
binding centers.tp is the radiative decay time constant of electro
hole pairs,t rad the radiative decay time constant of free exciton
andtBE,s the radiative decay time constant of bound excitons.
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populated nonradiatively from theue-h& level, as depicted in
Fig. 12. That process takes place during a time scalet the
which corresponds to the thermalization time of the pho
generated electron-hole pairs to theuFE& level. As shown in
Fig. 12, the distribution of ‘‘cold’’ free excitons can the
recombine radiatively during a time scalet rad or nonradia-
tively populate theuBE&s level. The latter process takes pla
during a time scaletFE,s which corresponds to the captu
time of ‘‘cold’’ free excitons by the binding centers. On th
other hand, the photogenerated electron-hole pairs can
establish a population of ‘‘hot’’ free excitons which can r
combine radiatively during a time scaletp or thermalize
down directly to theuBE&s level and contribute to the overa
density of bound excitons. The latter process takes place
ing a time scalete-h,s which corresponds to the capture tim
of ‘‘hot’’ free excitons by the binding centers, as depicted
Fig. 12. Finally, the population of bound excitons will eve
tually dissociate by decaying radiatively to the ground lev
That process takes place during a time scaletBE,s . The rate
equations describing the populations corresponding to
ue-h&, uFE&, anduBE&s levels are given by

dNe-h

dt
52

Ne-h

tp
, ~23!

dNFE

dt
5

Ne-h

t the
2

NFE

t rad
, ~24!

dNBE,s

dt
5

Ne-h

te-h,s
1

NFE

tFE,s
2

NBE,s

tBE,s
, ~25!

whereNe-h , NFE, andNBE,s are, respectively, the densitie
of photogenerated electron-hole pairs, free excitons,
bound excitons at timet. At t50 s, it is assumed that fre
excitons are not created and that donor centers do not
excitons. The solution of the coupled equations~23! to ~25!
for NBE,s is given by

NBE,s~ t !5(
i 51

2

CBEi ,sexpS 2
t

tBE,s
D2CBE1 ,s

3expS 2
t

t rad
D2CBE2 ,sexpS 2t

tp
D , ~26!

CBE1 ,s5F 1

te-h,s
2

tpt rad

t thetFE,s~t rad2tp!G Ne-h~0!tptBE,s

~tBE,s2tp!
,

~27!

CBE2 ,s5
Ne-h~0!tp

2t radtBE,s

t thetFE,s~t rad2tp!~tBE,s2tp!
, ~28!

where it is assumed thatt rad.tp , tBE,s.tp , and tFE,s
.t rad. The bound-exciton PL which is proportional to th
density of bound excitons is thus of the form

I BE,s~ t !5(
i 51

2

CBEi ,sexpS 2
t

td,s
D

2(
i 51

2

CBEi ,sexpS 2
t

t r i ,s
D , ~29!
-

lso

r-

l.

e

d

nd

wheretd,s is the decay lifetime constant andt r i ,s is the i th

rise time constant. The parametersCBEi ,s , t r i ,s ( i 51 or 2!,

andtd,s will be determined from our data analysis. Equati
~29! represents a triple-exponential model which reduces
standard double-exponential model if we setCBE2 ,s50. Fig-
ure 13 displays the PL transient behaviors~circles! of se-
lected linesc, g, j, k5(k1 ,k2 ,k3) shown in Fig. 3. The ex-
perimental curves display a range of fast compone
between'2 and 5 ns, and slow components between'8 and
48 ns. The decay lifetime constantstd,s across (D2

0,X) have
been recently determined for sample 1.15 The solid lines dis-
played in Fig. 13 represent least-squares fits obtained usi
double-exponential model withCBE1 ,s andt r 1 ,s as the only
fitting parameters. As shown in Fig. 13, the doub
exponential model describes remarkably well the trans
behavior of the PL curves in a broadEB,X spectral range.
The model yields the following rise time and lifetime co
stants: t r 1 ,c't r 1 ,g't r 1 , j't r 1 ,k1

'769 ps, t r 1 ,k2
51.8 ns,

t r 1 ,k3
52.6 ns, td,c'td,g'td, j'2.4 ns, td,k1

53.9 ns, td,k2

512.8 ns, andtd,k3
524.9 ns. As shown in the upper pan

of Fig. 14, whenEB,X is smaller than'5 meV, the values of
t r 1 ,s do not change significantly. However, when excito

bind to deeper binding centers,t r 1 ,s varies linearly withEB,X

in a broadEB,X spectral range of'12 meV,

t r 1 ,s5Cr 1 ,sEB,X , ~30!

whereCr 1 ,s is a rise time proportionality constant. In add

tion, as displayed in the upper panel of Fig. 14, whenEB,X is
increased above'18 meV,t r 1 ,s deviates from its linear be
havior and exhibits some kind of saturation at'2.7 ns, a
value close within experimental uncertainty to that oft rad
'2.4 ns. As already mentioned, the behavior oftd,s with
EB,X has been extensively discussed elsewhere,15 and is pre-
sented in the lower panel of Fig. 14 for comparison purpos
td,s is known to follow a power-law dependence withEB,X ,

td,s5Cd,sEB,X
3/2 , ~31!

whereCd,s is a lifetime proportionality constant. The soli
lines of Fig. 14 have been generated using Eq.~30! with
Cr 1 ,s50.16 ns meV21 and using Eq. ~31! with Cd,s

50.35 ns meV23/2. Good overall agreement is obtained for
broadEB,X spectral range between experiment and Eqs.~30!
and~31!. The behavior oft r 1 ,s with EB,X is quite intriguing.
Despite the high quality of the fits achieved with a doub
exponential model, our results cannot be reconcile with s
a simple model which requires thatt r 1 ,s5t rad'2.4 ns. In
order to explain our experimental results, the full Eq.~29!
should be used. The dotted curves of Fig. 13 have been
tained using Eq.~29! with t r 1 ,s5t rad52.4 ns andt r 2 ,s5tp

5769 ps, and takingCBE1 ,s and CBE2 ,s as the only fitting
parameters. As displayed by the dotted lines of Fig. 13,
triple-exponential model describes remarkably well the tr
sient behavior of the (D2

0,X) emission band. As shown in th
upper panel of Fig. 14, the results of the fits to the TRPL d
achieved with the triple-exponential model revealed t
CBE2 ,s /CBE1 ,s'Cte ~squares! in a broadEB,X spectral range.
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That result seems to indicate that whenEB,X increases, both
‘‘cold’’ and ‘‘hot’’ free-exciton distributions contribute
equally to the overall density of bound excitons. In brief, t
analysis of our TRPL data revealed thatt r 1 ,s}EB,X across

the (D2
0,X) emission band. Furthermore, sinceg (B,X) i

}t r 1,s

21, it can then be argued that in a diluted system

deeper the binding center, the smaller its corresponding
citon trapping probability. In other words, excitons tend
favor binding around relatively shallow deep-donor cente
That substantiates why the effect ofgBE2

upongLPB occurs
in the low-temperature range of 4.2–35 K. Now that t
effect of gBE2

upongLPB has been clarified, we next inves

tigate whether or notgLPB exhibits a linewidth narrowing for
temperatures below 4.2 K. We point out that the expec
linewidth broadening ofgLPB with decreasing temperatur
associated with the shallowest population of binding cen
is not observed around 1.8 K for samples 1–4. That re
seems to indicate that lower-branch polaritons may inte
perhaps with even shallower neutral donor–bound-exc
complexes than the (D1

0,X)n51 ones. We point out that in
order to probe as a function of temperature the net linew
narrowing of the LPB associated with the shallowest po
lation of bound excitons, PL measurements must be p
formed in a quite narrow temperature range well below
K. We stress the fact that the experimental procedure to c
out such optical measurements is not clear.

Figure 15 shows the typical result of our phenomenolo
cal model by displaying the different contributions togLPB
and gUPB for sample 1. Regarding samples 1 and 2~not
shown!, the main contributions togUPB come fromgD

1
1 and

gA . The temperature dependencies ofgLPB for samples 1
and 2 are strikingly different. For temperatures below'25 K

FIG. 13. 4.2-K PL transient measurements~circles! of selected
lines shown in Fig. 3 under identical experimental conditions. T
solid ~dotted! lines are least-squares fits to the data obtained usi
double-exponential model~triple-exponential model!.
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~'15 K! for sample 1~sample 2!, gBE2
dominates. Regard

ing sample 1, above'20 K, excitons dissociate from thei
deep binding centers andgBE2

decreases rapidly. For tem
peratures above'15 K, sample 2 shows a similar decrea
of gBE2

but linked to the dissociation of excitons from sha

lower deep binding centers. Above'70 K, gO contributes to
bothgLPB andgUPB, as shown in Fig. 15. Regarding sampl
3 and 4, the main contributions togLPB andgUPB come from
gD

1
1, gA , andgO in the temperature range investigated~not

shown!. We point out thatgD
2
1 contributes weakly to both

gLPB andgUPB in all our samples since the deep-donor ce
ters are mostly neutral for temperatures below 80 K.

In order to explain quantitatively the temperature dep
dencies ofgLPB and gUPB, the polariton interaction with
bound excitons, ionized impurities, and phonons must
taken into account. However, the rigorous theoretical cal
lation of such interactions is difficult to determine within th
framework of the polariton transport model. Nevertheless
a more qualitative approach, the polariton interactions w
other crystal excitations can be modeled by introducing
Eq. ~1! a phenomenological damping factorG2,

e~kR1 ikI ,E!5eb1
4pbEn

2~kR1 ikI !

En
2~kR1 ikI !2E22 iEG

, ~32!

where kR and kI are, respectively, the real and imagina
polariton wave vectors.kR describes the normal propagatin
modes in the crystal, whilekI describes the absorption pro
cess of polaritons in the semiconductor sincea52kI , a be-
ing the absorption coefficient. Although we realize that t
phenomenological approach based on Eq.~32! is question-

e
a

FIG. 14. The upper and lower panels show, respectively, the
time and lifetime constants across structurek of Fig. 3 ~circles!. The
solid curves are fits to Eqs.~30! and ~31!. The results of the fits
obtained using a triple-exponential model are also displayed in
upper panel~squares!.
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1984 PRB 59R. BENZAQUEN, R. LEONELLI, AND S. CHARBONNEAU
able on theoretical grounds, it helps nevertheless describ
transition from undamped to strongly damped polarito
Figure 16 shows as a function ofG the imaginary dispersion
curves of InP~negative axis!. Those curves provide the en
ergy intervals that give rise to optical absorption. On the o
hand, the population of photogenerated lower-branch po
tons decreases very rapidly as we depart from the exc
resonance~curves 18, 28, and 38!. In addition, the popula-
tion of photogenerated lower-branch polaritons increa
rapidly with increasingG ~curves 18, 28, and 38!. On the
other hand, the population of photogenerated upper-bra
polaritons slowly decreases as we approach the exciton r
nance~curves 1, 2, and 3!. Figure 16 also displays the rea
dispersion curves of InP~positive axis! as a function ofG.
WhenG increases, the LPB dispersion curve is not affec
significantly~curves 18, 28, and 38!. In contrast, the behav
ior of the UPB dispersion curve drastically changes by
tending at energies belowE1,L , and at wave vectors smalle
than those of the LPB dispersion curve~curves 1, 2, and 3!.
A density of states which spreads throughout the exc
resonance then becomes available to upper-branch po
tons. We point out that these results are in qualitative ag
ment with those obtained by Matsuhita near the exciton re
nance of CdS.2 It is to be noted that the results shown in Fi
16 ~positive axis! qualitatively explain the temperature d
pendencies ofgLPB and gUPB shown in Figs. 8–11. As al
ready mentioned, our results revealed thatgUPB increases
more rapidly as a function of temperature thangLPB , which
does not vary considerably in the corresponding tempera
range. In addition, our results can also explain the differ
values ofg (B,X)2

and gD
1
1 obtained for samples 1 and 2.

FIG. 15. Contributions to the linewidthsgLPB and gUPB as a
function of temperature~sample 1!. gD

1
1 andgD

2
1 are, respectively,

the contribution to the linewidth from shallow and deep impuriti
gA andgO are, respectively, the contribution to the linewidth fro
LA and LO phonons, andgBE2

is the contribution to the linewidth
from deep-donor bound excitons.
the
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can be argued that a bound-exciton complex is character
by a short-range scattering potential whereas, in a dilu
system, an ionized impurity center is described by a lo
range scattering potential. Consequently, polaritons w
large wave vectors are more likely to interact with a sho
range scattering potential and those with small wave vec
with a long-range one. Moreover, only lower-branch pola
tons can have large wave vectors for energies aboveE1,T , as
displayed in Fig. 16~positive axis!. Due to the complexity of
the polariton picture in semiconductors, it is important
emphasize that the results obtained from Eq.~32! should be
used with particular caution. The exact diagonalization of
polariton interactions with the various crystal excitations e
counter in this work should help clarify the effect of dam
ing on the dispersion curves of semiconductors. That tas
beyond the scope of the present paper, which neverthe
provides insight into the genuine scattering mechanisms
control the emission linewidth in III-V bulk semiconducto
such as InP.

IV. CONCLUSION

We have presented a detailed temperature-dependent
toluminescence study of the LPB and UPB components
the n51 free-exciton transition in four high-purity, low
compensation,n-type epilayers with a concentration of ne
tral shallow ~deep! donors in the range of 7.931013– 2
31015 cm23 @(0 – 1.45)31014 cm23#. A Lorentzian line-
shape analysis of the photoluminescence spectra reve
process by which the lower-branch polariton population
converted into upper-branch polaritons as the temperatu
increased to 25 K. We have also found that the linewidth

.

FIG. 16. Real~positive axis! and imaginary~negative axis! LPB
~curves 18, 28, and 38! and UPB~curves 1, 2, and 3! dispersion
curves ofn-type InP obtained using Eq.~32! near the exciton reso
nance as a function of damping.G5E1,LT/100 ~curves 1 and 18!.
G5E1,LT/10 ~curves 2 and 28!. G5E1,LT ~curves 3 and 38!.
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the UPB emission increases more rapidly as a function
temperature than that of the LPB, so that, for high enou
temperatures, emissions from both polariton populations
exist in the same energy range. Moreover, when the con
tration of neutral deep donors is higher than that of the n
tral shallow donors, the emission linewidth from lowe
branch polaritons exhibits a striking narrowing in th
temperature range of'10–35 K due to the polariton inter
action with deep-donor bound excitons. In addition, we ha
observed that the onset of emission linewidth narrow
from lower-branch polaritons shifts to lower temperatures
the neutral shallow-donor concentration is increased but k
below that of the neutral deep donors. That effect is linked
the polariton interaction with a population of shallower dee
donor bound excitons. In contrast, when the concentratio
shallow donors is increased significantly above that of
deep donors, the emission linewidth narrowing from low
branch polaritons vanishes, suggesting that excitons hav
vored binding around the shallowest donors. That interpr
tion of the data is supported by the results obtained i
sample free of deep donors, which at low temperatures d
gs

,

f
h
o-
n-

u-

e
g
s
pt
o
-
of
e
-
fa-
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a
es

not display an emission linewidth narrowing of the LPB.
addition, time-resolved photoluminescence measurem
performed across the neutral deep-donor bound-exc
emission band revealed that the rise time constants incr
linearly with the exciton localization energy. That result su
gests that excitons favor interacting with shallower de
donor centers, in qualitative agreement with our emiss
linewidth results corresponding to the lower polarito
branch. Taken all together, our results cannot be explai
within the framework of the standard polariton transp
model, but are nevertheless well reproduced by a phen
enological model which takes into account polariton scat
ing by bound excitons, ionized impurities, and phonons.
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