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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-putitge InP epilayers with
a concentration of neutral shallodeep donors in the range of 7:010%-2x10" cm™ [(0-1.45)
% 10" cm™3]. 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[S0163-18209)03703-0

I. INTRODUCTION ergy which gives a measure of the coupling strength between
the uncoupled longitudinal and transverse excitonk=a0.

In direct-gap 1ll-V semiconductors such as InP or GaAs,The values of those parameters for InP are given in Table I.
exciton-photon interactions result in the formation of Only the transverse exciton can interact with the electromag-
coupled modes called polaritons. The polariton dispersiometic field. The dispersion relation of the transverse polari-
curve in InP or GaAs can be described by a two-branchons is described by(k,E) = (%ck/E)?, and that of the lon-
model*? gitudinal polaritons bye(k,E)=0. Figure 1 shows the

2 energy dispersion curves of InP far=1. The upper polar-
4mBEL(K) (1) iton branch(UPB) begins atE;, and quickly becomes pho-
Eﬁ(k)—Ez' tonlike at higher energies, while the lower polariton branch
(LPB) becomes photonlike below, . For example, the
lower-branch polaritons may be scattered by phonons into
the energy region below or nehy 1, where radiative decay
of polaritons can take place through their photon compo-
nents. In the course of that process, bottlenecking may occur
Ent, (3 whereby a quasithermal equilibrium of polaritons may be
established, as first noted by ToyozatAs shown in the
wherek, E and e(k,E) are, respectively, the wave vector, inset of Fig. 1, the group velocity of such lower-branch po-
energy, and dielectric function of the polaritog, is the laritons,v pg=%"1(dE pg/dK), varies very rapidly with en-
background dielectric constant without the polariton contri-ergy, and has a minimum at the bottleneck. Consequently,
bution, andM and 3 are, respectively, the total mass and velocity-dependent scattering processes are expected to be
polarizability of the excitonE,, + andE,, | are, respectively, greatly enhanced in that energy region. The existence of a
the nth transverse anahth longitudinal exciton energies. propagating mode such as the polariton in the crystal has a
En L7 represents thath longitudinal-transverse splitting en- profound effect upon the photoluminescer(®) process,

e(k,E)=e,+

h2k?

En(k)=Enrt 5y )

e, t+4mp 12
Entr=EnL—Ent= —) -1
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TABLE I. Physical parameters af-type InP.m* andmy;, re- ity of being transmitted as a photon and a certain probability
spectively, are the electron and heavy-hole mas8és,the polar-  of being reflected back. In particular, the low-temperature
izability of the exciton, and ande., are, respectively, the low and free-exciton PL ofn-type GaAs with moderate donor con-
high dielectric constant&, 7 is then=1 transverse exciton energy, centration exhibits a dip at the energy corresponding to the
T, the temperature of the polar-optical phonopg,the mass den-  exciton bottleneck, where the polariton group velocity is
sity, E, the acoustical deformation potentia, the longitudinal  |gwest (see the inset of Fig.)1 That dip, whose magnitude
speed of soundp the piezoelectric coefficient, an&, o the mostly depends on impurity concentratiénand surface
longitudinal-optical-phonon energ¥q(0) is the 0-K band gap,  q,5)ity &7 has been explained on the basis of polariton scat-
andR are, respectively, the coefficients of the thermal expansion i, 'y impurities or surface defects that prevent polaritons
ar_1d compressibility, anddEy/JP)+ is the variation of band gap from reaching and escaping from the surfAgdn samples
with pressure. with very low donor concentrationNp=<10'® cm3), the
0.082 dip disappears and the free-exciton emission line shape be-

mﬁh ((23 0.85 comes slightly asymmetrical, with a fqll width at half maxi-
ELo (meV) 428 mum (FWHM) of about 0.5 meV both in GaAéRefs. 4 ar_ld
ELO 8 7) and InP® Recently, however, free-exciton lifetime
17 (V) 1.4185 measurementsave cast some doubts on the use of the stan-
E: (V) 6.8 . dard polariton transport modé! to explain the kinetics of
B 1.94x10 free-exciton recombination in direct-gap 1ll-V semiconduc-
€p,= € 12.38 tors.
€ 9.55 In order to understand better the optical mechanisms re-
To (K) 497 sponsible for the emission linewidth of both the LPB and
pm (glcn) 4.487 UPB components of the free-exciton transition, we have
C. (cm/s 5.028x 10° studied the free-exciton emission linewidth as a function of
p 0.013 temperature in four high-purity, low-compensatiantype
Eq(0) (eV) 1.42 InP epilayers. The present paper provides a detailed account
3I/R(JE4/9P) (eVIK) 5x10°° of polariton phenomena that complements the preliminary

results published recently on a high-purity-type InP
epilayer® The paper is organized as follows. In Sec. II, we
which must be viewed within the framework of a transportPriefly describe the sample growth, the various experimental
problem. Instead of a population of free excitons, which carfetups, and the low-field electronic transport analysis. Sec-
recombine anywhere in the crystal producing photons thation Ill_presents the PL and time-resolved photolumines-
are free to exit the crystal unhindered, there is a populatio§eNc&TRPL) data for our samples. Finally, Sec. IV presents
of polaritons that can produce external PL if the excitationthe conclusions which can be drawn from this work.

first travels to the surface. In the polariton picture, a polar-

iton impinging on the crystal interface has a certain probabil- . EXPERIMENTS

The InP epilayers, samples 1-3, were grown by chemical
beam epitaxy using phosphine (PHand trimethylindium.
Sample 4 was grown by low-pressure metal-organic chemi-
cal vapor deposition using RBHand triethylindium. The ep-
ilayers were deposited ofl.00 semi-insulating Fe-doped
InP substrates oriented 2° off00) toward (110. Details
about the growth conditions are given elsewhgréAll the
layers had a thickness of/m as measured using a scanning
electron microscope or an electrochemical profiler.

The optical measurements were carried out in a liquid-
helium flow cryostat with the samples mounted strain free on
a Cu block. The temperature of the sample holder could be
varied between 4.2 and 300 K with an accuracy+df.1 K.

The PL was excited using a HeNe laser, dispersed by a
0.64-m spectrometer, and detected by a liquid-nitrogen-
cooled charge-coupled device. The pulse excitation for the
TRPL experiments was provided by a mode-locked
10413 1419 1.420 Nd®*:YAG (yttrium aluminum garnet laser pumping a
ENERGY (eV) Rhodamine 640 dye laser. The resulting 5-ps pulses were at
' ' a wavelength of 620 nm; and the repetition rate was set to 4
MHz in order to extend the time range. The transient PL
measurements were carried out using a delayed coincidence

FIG. 1. Energy and group-velocity dispersion curves for thephoton-counting system. The instrumental response of that
lower polariton brancLPB), upper polariton branckUPB), and  system had an exponential decay of 100 ps. The spectral
longitudinal branchLB), of n-type InP obtained using Eq1). resolution and excitation power density were set, respec-
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TABLE II. Results obtained from the analysis of fourtype InP samplesNDl, Nbp,, and N, are,
respectively, the shallow-donor, deep-donor, and acceptor concentravtipzﬁs.the standard deviation of the
band of deep donors, centered at the binding enEg%y Ep, is the shallow-donor binding energyp, and
Mp,, are, respectively, the electronic concentration and mobility in the shallow-donor band.

Mp,
Np, Nb, Na op, Ep, Epe (cm? Np,
No. (cm™d) (cm™d) (cm™3) (meV) (meV) (meV) V' is™h (cm™3)
1 7.9 X108  1.39x10% 3.7 x10%° 70 7 160 903 2.9x10
2 1.38x10"* 2.0 x10% 7.3 x101° 65 7 160 2251 1.2410%
3 1.82x10  1.45<10"* 6.8 x10%° 75 7 160 580 1.3510"
4 2.0 x10% 2.48<10% 6 652 2.5 105

tively, at 0.04 meV and 1 W/cfrfor all the optical measure- free-exciton emission. It is widely believed that the emission

ments. linewidth of free excitons is well understood. However, so
A detailed account of the low-field electronic transportfar, little effort has been devoted to the accurate description

measurements performed on samples 1-3 was recenths a function of temperature of the emission linewidth of

published1® Sample 4(the deep-donor free samplevas  both the LPB and UPB components of the free-exciton tran-

shaped in a standard multiarm bridge configuration, andition.

Au-Ge contacts were deposited and annealed at 450 SDC. The free-exciton emission linewidt (i=LPB or UPB

All contacts were checked for linearity of the current-voltagein a bulk IlI-V semiconductor such as InP or GaAs can be

(1-V) characteristics and the sample had excellent uniforexpressed &g

mity, as verified with voltage readings across the various

contacts. To avoid temperature gradients between the sample ¥i(T)=y(0)+ v+ veet ¥at vo- 4

and the alumina holder, the temperature was varied without ) ) o

heat supply, rising slowly from the lowest temperature. The 1he first term in Eq.(4), (0), represents the intrinsic

data were collected with a precision high-impedance datinéwidth, and is determined at the lowest temperatures by

acquisition systedi under low-electric-field(20 mV/cm §everal scattering processes such as exciton-exciton scatter-

and low-magnetic-field1 kG) conditions. The analysis of INd, exciton-carrier scattering or carrier-carrier scattering.

the low-field electronic transport data was performed usingl "€ second term in Ed4), v, , arises from scattering due to

the iterative solution to the Boltzmann equation due to'Onized impurities and is given y

Rode!* and the material parameters reported in Table 1. A 2 2
detailed account of the low-field electronic transport analysis +
. , T)= =2, I'p+Ng ,
carried out on samples 1-3 is reported elsewfé?eThe n(™) ;1 Leh ;1 Do, ®)

low-field electronic transport analysis of sample 4 has been

carried out using a procedure identical to that of samples 1-3 Np
(not shown. Table Il presents the results obtained from the N51= E g
analysis of the low-field electronic transport data. We point 1492 exr{ F Dl)
out that the uncertainties of the parameters quoted in Table Il kgT

fell significantly below 5% for all samples. As shown in

Table Il, our samples are characterized by a shallow-donor N +oo

band centered aEp =6 or 7 meV, whose width can be Np,=Np,— Jlm Gp,(E)fo(E)dE, )
estimated to 1% oEDl.15 In addition to an extremely narrow

shallow-donor band where both disorder and strong Cou- Np 1 [E—Epc\?
lomb interactions play crucial roles in the electrical conduc- Gp.(E)= —— ex;{ ( 2)
tion, samples 1-3 are characterized by a broadband of local- 2 \/ZUD2

ized deep-donor centers centeredE@tg=160 meV below

the conduction-band edge, with a FWHM of about 165 fo(E)=
meV.B,lo,lG 0 1 % E— EF
1+ - ex

2 ksT

1

(6)

> . ®

O'D2

: (C)

Ill. PHOTOLUMINESCENCE

+ . . . . .
AND TIME-RESOLVED PHOTOLUMINESCENCE whereNDi is the concentration of ionized shallow={1) or

i ) deep (=2) donors, and’ is their associated broadening
The near-band edge PL of direct-gap Ill-V semiconductor ross section, to be deterrﬁined from our data analigisis
compounds such as InP or GaAs is usually dominated at ' i

liquid-helium temperatures by bound and free excitonic tranthe concentration of neutral shallow=(1) or deep (=2)
sitions. Due to the exciton localization around the bindingdonors,Gp,(E) is the density of states of the band of local-
centers, bound-excitoniBE) complexes give usually nar- ized deep donors, taken in a first approximation as a Gauss-
row PL line shapes, in sharp contrast with the much broadeian distribution normalized tolp, and centered aEDg, with



1976 R. BENZAQUEN, R. LEONELLI, AND S. CHARBONNEAU PRB 59

0 : : bottom of the conduction band. As the temperature increases,
"""""""""""""""""""""""""""""""""" Er falls deeper into the energy gap and eventually reaches
within a fewkgT of the shallow- and deep-donor centers. At
that point, the donor centers begin to ionize. When the deep-
donor centers are taken into account in our mgdamples
1-3), we observe a faster rate of fall B into the band gap.
We point out that the band of deep-donor centers is not com-
pletely ionized at room temperature, as evidenced by the
3 300-K E¢ value of about 225 meV.

The third term in Eq(4), yge, is due to the scattering of
polaritons by localized excitons. Such an interaction has
been shown recently to control the low-temperature emission
linewidth of high-purity n-type InP (Ref. 9 and of
GaAs/GaAl;_,As multiple quantum well$® The tempera-
ture dependence ofge should be proportional to the con-
centration of bound excitons:

FERMI ENERGY (meV)
-
=
=3
T
N
1

KR

(7]

=]
T

2 2
200 L § 7’BE(T):i§l 'yBEi:izl YB.%),NeE;» (16)

0 100 200 300 B Np,
TEMPERATURE (K) Ngg, =

: 17

EB,X

1+Cg x) T*? exr{ -
(B.X); kT

FIG. 2. Fermi energy as a function of temperature for samples
1-4.Ep, is the shallow-donor binding energ&Dg is the binding

energy of the center of the deep-donor band. C(B:Xh:

32

thgf

tandar viati . fo(E) represents the Fermi-Dir . . .
alsg dé d de aFOErDz o(E) rep e§e s the e. aC \where Nge. is the concentration of shallowi£1) or deep
distribution function. The computation of, requires the . ! . . . .

: . : (i=2) donor bound excitons, angg x) is their associated
evaluation of the Fermi energlfr through the numerical ) _ i ) _
solution of the neutrality equation bound-exciton broadening cross sectiémg.y is the exciton
localization energy, an@ g x, a constant linked to the con-

2 centration of binding centeNDi. The parametersg ), and

N
nc_i:El NDi+ Na=0, (10 Eg x will be determined from our data analysis.
The remaining terms in Eq4), y. and yo, are due,
+o0 respectively, to the interaction of excitons with the LA- and
Ne= fE Ge(E)fo(E)E, (1) Lo-phonon modes of the lattice, and are giver’by
amd Ya(T) = yaT, (19
G(B)=—z ki (12)
YLo
Yo(M=—"g < (20)
(mEg m 2E ( m)z 4E [ m 12 )1’2 exp(ﬂ>—1
k=\—2 tE, |l tE L 1 : keT

(13 wherey 5 andy, o are, respectively, the LA coefficient and
the LO linewidth parameter, to be determined from our data

d= 1 (14) analysis, andE, 5 is the LO-phonon energy of Inee Table
' ).
-1

1+ W‘l)a Figures 3—6 display, for samples 1-4, the temperature
dependence of the PL spectra in the excitonic region. For

2%2k2 (1 1\]¥2 clarity, the spectra corresponding to each sample have been
a=|1+ £ (W_ = (15  normalized to the same maximum value. The PL spectra ex-

g

hibit apparent similar optical features. At the lowest tempera-
wheren, is the concentration of free electrorS,(E) the ture, the PL spectra are characterized by sharp neutral
density of states of the conduction bafd,the energy of the shallow-donor—bound-excitonic transition®Y X), (e.g.,
bottom of the conduction band, arf, the temperature- structuresd—g of Fig. 3), and by the LPB of the=1 free-
dependent band gam and m* are, respectively, the free- exciton (FE) transition (e.g., structurec of Fig. 3. The
electron mass and the electron effective masses. Figure shoulder observed at higher photon energy is attributed to the
presentsEg as a function of temperature for our samples.UPB of the FEg transition (e.g., structureb of Fig. 3. Al-
The calculations have been referenced with respect to thiough the origin of the excited states of tHe9(X) com-
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FIG. 3. Temperature-dependent PL spectra refype InP FIG. 4. Temperature-dependent PL spectra refype InP
(sample 1. a=FE; is then=2 free-exciton transitiorb andc are, (sample 2. a=FE; is then=2 free-exciton transitiorb andc are,
respectively, the UPB and LPB components of thg EBnsition;  respectively, the UPB and LPB components of the &&nsition;d
d—g are the neutral shallow-donor—bound-excitonic transitionsande are, respectively, the=1 and 2 parts of the neutral shallow-
(DO,X)n; h=(DY,h) is the neutral shallow-donor to free-hole re- donor—bound-excitonic transitionEﬁ,X)n; f is a combination of a
combination; i=(D; ,X) is the ionized shallow-donor—bound- neutral shallow donor to free-hole recombinatidh(l)(h) with an
excitonic transition; j=(A%X) is the neutral acceptor—bound- ionized shallow-donor—bound-excitonic transitiorD;{,X); ¢
excitonic transitionk=(D9,X) is the neutral deep-donor—bound- =(D3,X) is the neutral deep-donor—bound-excitonic transition; and
excitonic transition; and %(DE,AO) is the neutral shallow-donor— h=(D?,A% is the neutral shallow-donor—acceptor pair recombina-
acceptor pair recombination. The solid curves are Lorentzian fits tdion. The solid curves are Lorentzian fits to structubesndc.
structuresh andc.

plex is still controversial, they are usually attributed to dif-  The slightly asymmetrical 4.2-K REemission line shapes
ferent angular momentum states of thé=3 hole shown in Figs. 3—-6 indicate semiconductor crystals with a
characteristic of the valence-band maximtfiwe point out 10w concentration of donortsee Table ). As displayed in
that sample 4, which is characterized by avaIuBIQI much  Figs. 30—6, with increasing tempe_rature, the PL m_tensmes of
higher than that of samples 1+8ee Table I, displays a the (D7, X)n complexes_ are drastically reduced Wlth rgspect
4.2-K PL spectrum where thed,X),, transitions dominate to those (0)f the FEtransitions due to the thermal dissociation
over the FE emission peak, as shown in Fig. 6. In contrast,%f "€ (B1,X), complexes. In particular, thed{, X)-1 and

the 4.2-K PL spectra of samples 1-3 are dominated at highP1,X)n=2 complexes are known to dissociate through two
photon energies by strong FEmissions, as shown in Figs. dissociation path$ 'Wh'en the temperature is mcreaseq to
3-5. Those high-quality optical features are linked to the@bout _8 K, the domln{:\tlng dissociation process results in the
electrical characteristics of samples 13, which consist ofberation of free excitons from shallow donors. When the

depressed 300-K Hall mobilityx(,;) values(well below 6 temperature is further increased to 20 K, the liberation of
X1 cm?V~'sY) and of exceptionally high low- free electrons and free holes is responsible for the dissocia-

temperature u, peak values (well above 2 tion of the ©2.X)n-1 and OF,X),-, complexes. In con-

X 10° cm?V~1s71). As already mentioned, detailed elec- trast, the temperature dependence of thg EEnsition is
tronic transport and optical studfe€®recently carried out Quite intriguing. As shown in Figs. 3—6, with increasing tem-
on samples 1-3 revealed the presence of a broadband Berature, the FEemission line shapes can be seen as the sum
localized deep-donor centers extending into the gap. Linke@f & narrow and a broad component. That is particularly evi-
to the presence of that band, a bound-excitonic PL bandentin the spectrum taken at 46 K of, for example, sample 1.
(D,X) with a FWHM of about 22 meV was observed be- As in a previous work, to quantify that e_ffect, we ha\(e
tween the acceptor—bound-excitonia®(X) doublet transi- empirically chosen a sum of two L.or(.ant2|ans to take into
tion and the neutral shallow-donor—acceptor pair recombina@ccount both the LPB and UPB emissions

tion (DS,AO) (e.g., structurek in the inset of Fig. 3 As

expected, sample 4, which is free of deep donor cerigers I

Table 1), does not exhibit any PL optical structure located I(E)= —TE_E .2 (21
between the A°,X) doublet transition and theD?,A°) pair ISLPBUPB | _'C)
recombination, as shown in the inset of Fig. 6. Yi
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FIG. 6. Temperature-dependent PL spectra mefype InP
(sample 4. aandb are, respectively, the UPB and LPB components
of the FE transition;c—e are the neutral shallow-donor—bound-
excitonic transitions D9,X),; f is a combination of a neutral
shallow-donor to free-hole recombinatioi,h) with an ionized
shallow-donor—bound-excitonic transitio®{ ,X); g=(A°%X) is
the neutral acceptor—bound-excitonic transition; Iam(D‘f,AO) is
OIthe neutral shallow-donor—acceptor pair recombination. The solid
curves are Lorentzian fits to structuresg.

FIG. 5. Temperature-dependent PL spectra refype InP
(sample 3. a=FE; is then=2 free-exciton transitiorb andc are,
respectively, the UPB and LPB components of the f&nsition;d
ande are, respectively, the=1 and 2 parts of the neutral shallow-
donor—bound-excitonic transitionﬁ)Q,X)n ; fis a combination of a
neutral shallow-donor to free-hole recombinatidh‘f(h) with an
ionized shallow-donor—bound-excitonic  transitiorD;(,X); g
:(Dg,X) is the neutral deep-donor—bound-excitonic transition; an
h=(D9?,A% is the neutral shallow-donor—acceptor pair recombina-

tion. The solid curves are Lorentzian fits to structubesnd c. .
whereE;(0), «;, and 8; are assumed to be adjustable pa-

where theith Lorentzian line shape of intensityis centered rameters (=LPB or UPB. The solid lines of Fig. 7 have

at the photon energf; ., with a half-width at half maxi- been generated using E(2) with the parameter&;(0),
mum ;. The results of an iterative least-squares fit to they, | and B, quoted in Table III.

normalized PL data using E¢21) are also shown in Figs. In Figs. 8—11, for samples 1-4 we display the tempera-
3—6_. For sqmples 1-3, the least-squares calculation has bege dependencies of the experimental linewidihsg and
carrl_ec_j out in an energy interval c_arefull_y Chosen _aroEngi vupg Of the FE transitions. As shown in Figs. 8—1%,,p5

to minimize contributions from neighboring transitions to theincreases more rapidly as a function of temperature than
ove.ral'l line shape of the RHransition. In contrast, the RE vpe- IN addition, samples 1 and 2 exhibit an initial increase
emission peak of sample 4 is significantly affected by ne|gh-Of y.ps followed by an abrupt decrease a5 and 15 K

boring transitions such as th@g’x)“ recombinations. The respectively. In contrast, samples 3 and 4 do not show such a

results of fits for sample 4 which take into account all rel- eduction of at low temperatures. as displaved in Figs
evant near-band-edge transitions contributing to the PL spec- YLPB per ' piay gs.
L0 and 11. The standard polariton transport model from Ref.

tra are also shown in Fig. 6. The agreement between experi--. <. - . .
mental and theoretical line shapes for samples 1-4 i4 is insufficient to explain the temperature dependencies of

excellent in the temperature range of 4.2—80 K. We point ouffps @1d yups shown in Figs. 8—11. That model is based on
that the PL measurements for sample 4 were performed i Single scattering mechanisimeutral impurities which op-
the temperature range of 4.2—50 K to avoid excessive broadrates at the lowest temperatures. The effects that we observe
ening of the LPB and UPB components of the, Bansition ~ Span over a broad temperature rafg2-80 K, where sev-
which could lead to an inaccurate determinatiorypét high ~ eral scattering mechanisms affect the polariton emission line
temperatures. shape. In addition, the standard polariton transport model
Figure 7 presents for samples 1-4 the temperature depefannot explain the existence of two independent Lorentzian
dencies of the photon energiEspg . (triangles andEpg,  distributions describing, in a broad temperature range, the
(circles. As shown in Fig. 7E pg. and Eypg, follow the  emission line shapes of both the LPB and UPB components
temperature dependencwith E pg.<Eypg. in the tem-  Of the FE transition. Moreover, the behaviors ¢fpg and
perature range of 4.2—80)Kpredicted by the well-known Yups at high temperaturgsee Figs. 8—1lindicate that UPB

Varshni equatioff emission can be observed in the same energy range as LPB
emission. That observation is incompatible with the standard
o T? polariton transport model, which requires that the high-
Eio(T)=Ei(0)— (22)

(Bi+T)’ energy part of the FEemission be composed of upper-
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- FIG. 8. Temperature dependencies of the linewidihss (tri-
0 Z%EMPE‘I‘&TUle‘(Jm 80 angles and ypg (circles of n-type InP(sample 1 The solid lines

represent the full theoretical calculations obtained using(&dgfor
FIG. 7. Temperature dependencies of the photon enefgigs, the LPB and UPB, respectively. The dashed line is the theoretical
(triangles and Eypg (circles of n-type InP(samples 1-% The calculation when bound-exciton scattering is not taken into account.
solid lines represent fits obtained using E2g). The bottom right-hand inset displays the temperature dependencies
of the integrated PL intensities of structurescircles andc (tri-

branch polaritons and the low-energy part of Iower-branchangles of Fig. 3.
polaritons, with some admixture of both types of polaritons ) o
upper-branch polaritons as the temperature is increased to

in a narrow energy range nefy, .° - : hat the bolari i .
In the insets of Figs. 8—11, we display the temperaturé~2> K- We point out that the polariton population transfer

dependencies of the integrated intensitigs, andl{jpg. Re- observed from the LPB to the UPB with increasing tempera-
garding samples 1 and 4, at the lowest temperatures, mostf)l*re cannot be explained by th_ermal excitation, since at _the
the polariton population resides in the bottleneck region o owest ;emperatures the densities of states of b°”? polaritan
the LPB. As the temperature is raised 4@5 K, 1*5 de- populations span the same energy range. Regarding sample

: : . - 2, ITpg~1{pg for temperatures below=12 K, which indi-
creases very rapidly whilkfpg increases. That |nd|cate§ that cates that at low temperatures both lower- and upper-branch
there exists an energy-transfer path whereby, for a given en-

erav. the lower-branch polariton pooulation is converted int olariton populations do not fluctuate significantly with tem-
9y, P pop perature, and are approximately equal to each other. How-

ever, when the temperature is raised abevg2 K, I{pg
abruptly decreases whilgpg sharply increases and then de-
creases. Finally, as shown in the inset of Fig. 10, sample 3

TABLE lll. ParametersE; ((0), «;, and B; of Varshni’'s Eq.
(22) obtained for four InP samples.

E, .(0) @ B exhibits a decrease of botlfpg and Iz for temperatures
(eV) (104 eVK™ (K) above 4.2 K. However, the rate of decreasel §fg with
temperature is much faster than that §fg, as displayed in

No. 1 the inset of Fig. 10.
LPB 1.4189 [ 625 The solid lines of Figs. 8—11 have been generated using
UPB 1.4194 7.4 580 Eq. (4) with the physical material parameters of InP pre-
No. 2 sented in Table | and the parameters reported in Table Il
LPB 1.4189 8 615 which have been extracted from the low-field electronic
uPB 1.4194 7.5 635 transport analysis. The results of the fits are reported in Table
No. 3 IV. We point out thaty, pg and ypg Of all our samples have
LPB 1.4189 7.4 560 been consistently fitted using E@) with the same values of
UPB 1.4190 6.7 580 Y0), ya, and y,o. As shown in Figs. 8-11, the overall
No. 4 agreement between the experimental data and the theoretical
LPB 1.4190 7.6 725 calculation is excellent in the temperature range of 4.2—80 K.
UPB 1.4199 9.8 1150 The discrepancies observed between experimental data and

the theoretical calculation for samples 3 and 4 can be cor-
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angle$ and ypg (circles of n-type InP(sample 2. The solid lines  angle$ and ypg (circles of n-type InP(sample 3. The solid lines
represent the full theoretical calculations obtained using(&dfor represent the full theoretical calculations obtained using(&dfor

the LPB and UPB, respectively. The dashed line is the theoreticathe LPB and UPB, respectively. The inset displays the temperature
calculation when bound exciton scattering is not taken into accountdependencies of the integrated PL intensities of structires
The bottom right-hand inset displays the temperature dependenciésircles andc (triangles of Fig. 5.

of the integrated PL intensities of structudescircles andc (tri-

angles of Fig. 4.

rected by lettingy(0), y.», and y, o vary somewhat from

sample to sample. It is to be noted th,qg,x)z and C(B,X)2 6 ————— . . .
can be determined independently from the other parameters N

by using the variation ofy, pg in the temperature range of ALPB

~4.2-35 K. The dashed lines of Figs. 8 and 9, which have 5L 5

INTENSITY
o>

been generated using E@) with ygg,=0, fail to reproduce

the low-temperature behavior gf pg. However, when the
polariton interaction with [Og,X) complexes is taken into
account, the model reproduces the observed net linewidth
narrowing of the LPB for samples 1 and 2. That effect,
which is not observed in samples 3 and 4, is due to the
vanishing of polariton scattering fronDQ,X) complexes, as
shown by the fitted values dg x quoted in Table IV. The
value of Eg x=15.8 meV for sample 1 corresponds to the
spectral region near the low-energy side of tb8 (X) emis-
sion band(see the inset of Fig.)3In contrast, the value of
Eg x=8.6 meV for sample 2 corresponds to the spectral re-
gion near the high-energy side of thg,X) emission band
(see the inset of Fig.)4and seems to be linked to a popula-
tion of shallower Dg,x) complexes.

The qualitative understanding of the temperature behav- 0 —
iors of y, pg for samples 1-4 requires some discussion about 0 10 20 30 40 50 60 70 80
bound-exciton formation. It is well known that the binding TEMPERATURE (K)
energy of an exciton can be decreased by the presence of anfiG. 11. Temperature dependencies of the linewidths (tri-
impurity. Whether or not an exciton can be trapped on amngles and y pg (circles of n-type InP(sample 4. The solid lines
impurity is determined by the interplay of several competingrepresent the full theoretical calculations obtained using(&cfor
effects: energy, impurity concentration, and temperature. Ithe LPB and UPB, respectively. The inset displays the temperature
the total energy of the system is reduced when the exciton igependencies of the integrated PL intensities of structwres
in the vicinity of an impurity and the temperature sufficiently (circles andb (triangleg of Fig. 6.

£
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TABLE IV. Parameters of Eq(4) extracted from the temperature dependencies of the emission line-
widths corresponding to the LPB and UPB of fautype InP sampleslTDi+ is the broadening cross section
of the ionized shallow i(=1) or deep {(=2) donor centery(0), v,», and vy, o, respectively, are the
intrinsic linewidth, the longitudinal acoustical coefficient, and the longitudinal-optical linewidth parameter.
Y(B.X), is the deep-donor bound-exciton broadening cross sectionEgrdhe exciton localization energy.

Ipriop) 0) Y(B.X), Eg x VLA Y0
(10 mevend) (MeV) (10 mevend) (meV) (102meVK?Y  (mev
No. 1
LPB 1(-) 2.23 15.8 0.41 106
UPB 6 (40 2.3 138
No. 2
LPB 1.1(-) 1.6 8.6 0.41 106
UPB 4.5 (35 2.3 138
No. 3
LPB 0.9 (—) 0.41 106
UPB 5 (40 2.3 138
No. 4
LPB 0.7 (-) 0.41 106
UPB 1.65(-) 2.3 138

low, it will be energetically more favorable for the exciton to carrier-carrier interactions. The relaxation of photoexcited
bind around the impurity and form a bound exciton. In ourpairs within the bands proceeds simultaneously with the ex-
case, the situation is complicated by the presence of twaiton formation process. In order to describe the transient PL
competing binding populations, the shallow- and deep-donobehavior of our samples, let us consider the four-level sys-
populations, whose PL cover a bro& x spectral range tem depicted in Fig. 12. The system is pumped from the
(from the edge of the conduction band 489 meV below ground level|0) to the level|e-h), where a population of

the conduction band For example, if the value ol is  electron-hole pairs is established. Moreover, we shall only

sufficiently high with respect to that dfi, , excitons will ~ consider the PL signal from the free-excit®i) and bound-

start to favor binding around the shallower donor centerﬁxc'toMBE}S levels, where the subscripistands for thesth

rather than around the deeper ones. However, as pointed o ?und-excnon level. On the one hand, {F€) level can be
in Ref. 23, the boundary between excitons bound to shallow
and deep impurities is difficult to define. That is due to the

fact thatEg x is not necessarily a reliable measure of the

degree of localization of wave functions dominated by short-
range forces. As shown in Figs. 8 and 9, when the value of
Np, is increased sufficiently but kept below thathd)ﬁ_‘,2 (see

Table Il), it becomes more favorable for the excitons to start
binding around an increasingly larger number of relatively
shallower donor centers, as evidenced by the shift to lower
temperatures of the onset of emission linewidth narrowing
from lower-branch polaritons. In addition, as shown in Fig.
10 for sample 3, wheip_ is increased significantly above

the value ofNDz (see Table I, the emission linewidth nar-

rowing from lower-branch polaritons vanishes. It is then rea-

sonable to speculate that for sample 3 most of the excitons
are bound around the shallowest donor centers. That inter-
pretation of the data is supported by the low-temperature
behaviour ofy, pg for sample 4 (\ID2=O), which exhibits no [0>

Adiional evience of the favored exaiton imeracion with _ FIG: 12 Schemalics o a ourfevelsyse e-). [, and
. BE)s represent, respectively, the ground, electron-hole-pair, free-
shallower deep-donor centers in our samples can also be prgQ;

. xciton, and bound-exciton levels. The indestands for thesth
vided by -[)Rptlj- measurements performed across B%X)  pound-exciton levelr,, represents the thermalization time constant
emission band.

to the free-exciton levelreg s and 7., s are, respectively, the cap-
The description of the dynamical relaxation process in aure time constants of free excitons and electron-hole pairs by the
Il1-V bulk semiconductor such as InP is quite compf&&  binding centersr, is the radiative decay time constant of electron-
photoexcited electron and hole can form an exciton by interhole pairs, 7., the radiative decay time constant of free excitons,
action with acoustical and optical phonons, and also byand rg¢ ¢ the radiative decay time constant of bound excitons.

|e-h>

the
Te-h,s

[FE>

FEs

IBE>,

Trad

T
PUMP| |% BEs
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populated nonradiatively from tHe-h) level, as depicted in  where g ¢ is the decay lifetime constant ar’r(‘:ii s is theith

Fig. 12. That process takes place during a time Se@le rise time constant. The paramet@ge s, 7, s (i=1 or 2,
which corresponds to the thermalization time of the photo-and 74.s Will be determined from our data analysis. Equation

ggnef;te?helzgtrtqg—r}ole p?'f‘s tcl) dﬂlﬁf) IeveI..{As showntrl‘n (29) represents a triple-exponential model which reduces to a
9. 12, the distribution of “co ree excitons can then giandard double-exponential model if we Sk, s=0. Fig-

recombine radiatively during a time scalgy or nonradia- ) . o
tively populate théBE), level. The latter process takes place ure 13 _d|splays _the_PL transient beha_vmjm_fcles of se-
during a time scalergsg ¢ Which corresponds to the capture Iect_ed linesc, g, J k_(.kl’k2'k3) shown in Fig. 3. The ex-

! perimental curves display a range of fast components

time of “cold” free excitons by the binding centers. On the q del b q
other hand, the photogenerated electron-hole pairs can al@§Wween=2and 5 ns, and slow components egweéhan
establish a population of “hot” free excitons which can re- 48 ns. The decay lifetime constanig, across Dy, X) have

combine radiatively during a time scalg, or thermalize been re'cen'tly determined for sampIéSJIhe.soIid Iir]es dis—.
down directly to thé BE), level and contribute to the overall Played in Fig. 13 represent least-squares fits obtained using a
density of bound excitons. The latter process takes place duflouble-exponential model witBge s and 7, s as the only

ing a time scalere., s Which corresponds to the capture time fitting parameters. As shown in Fig. 13, the double-
of “hot” free excitons by the binding centers, as depicted in€xponential model describes remarkably well the transient
Fig. 12. Finally, the population of bound excitons will even- behavior of the PL curves in a brodgs x spectral range.
tually dissociate by decaying radiatively to the ground level. The model yields the following rise time and lifetime con-
That process takes place during a time segles. The rate  stants: 7 ~7 ¢~7 j~7, k,~769ps, 7 ,=1.8ns,
equations describing the populations corresponding to ther1’k3:2_6 NS, 7qc~ 74,g~ 74~ 2.4 NS, 74, =3.9 NS, 74,

|e-h), [FE), and|BE) levels are given by =12.8 ns, andry,=24.9 ns. As shown in the upper panel
dNe.p, Ne.p of Fig. 14, wherEg y is smaller than=5 meV, the values of
a9t m— (23 Trys do not change significantly. However, when excitons
bind to deeper binding centers, s varies linearly withEg x
dLFE: Ne_h_ N_FE (24 in a broadEg x spectral range of=12 meV,
at Tthe - Trad Trys™ Crl,sEB,Xa (30

dNees _ Nen + Nee  Nees (25)  whereC, is a rise time proportionality constant. In addi-

dt Te-ns TFEs  TBEs tion, as displayed in the upper panel of Fig. 14, wkgyy is
whereNe.,, Neg, andNgg s are, respectively, the densities increased above-18 meV, 7, ¢ deviates from its linear be-
of photogenerated electron-hole pairs, free excitons, anflavior and exhibits some kind of saturation-a2.7 ns, a
bound excitons at timé At t=0s, it is assumed that free value close within experimental uncertainty to that mf;
excitons are not created and that donor centers do not bind2 4 ns. As already mentioned, the behavior 7gf; with
excitons. The solution of the coupled equati¢@8) to (25 g, , has been extensively discussed elsewfzesd is pre-
for Ngg s is given by sented in the lower panel of Fig. 14 for comparison purposes.
74,5 IS known to follow a power-law dependence Wi x ,

2
N = - -
ges(t) Z:l CBEi ,seXF{ ) CBEyS Td,s™ Cd,sEg,ZXv (3D

TBE,s

t —t whereCy ¢ is a lifetime proportionality constant. The solid
xexp — —— | —Cgg, s€X , (200 lines of Fig. 14 have been generated using Bf) with
C,,s=0.16nsmeV’ and using Eq.(31) with Cgys

Trad p

c 1 TpTrad Ne-n(0) 7p7aE s =0.35 ns meV¥2 Good overall agreement is obtained for a
BE,.s™ Tehs  TteTres Trad— 7o) (TeEs—Tp) broadEg x spectral range betW(_een expgrlmgnt _anc_j E3®
27) and(31). The behavior ofr, s with Eg x is quite intriguing.
Despite the high quality of the fits achieved with a double-
Ne_h(O)TSTradTBEYS exponential model, our results cannot be reconcile with such
Cee, s= ' (28 a simple model which requires that = 7,~2.4ns. In
2% TineTres( Trad™ Tp)( TBE,s ™ Tp) P q 1S~ fradT 4 )

o order to explain our experimental results, the full E29)
where it is assumed that¢>7,, 7es™>7p, @Nd Tees  ghould be used. The dotted curves of Fig. 13 have been ob-
> Tag- The bound-exciton PL which is proportional to the (5ineq using Eq(29) with Ty, 5= Trag=2.4 NS andfrz =Tp

density of bound excitons is thus of the form —769 ps, and taking:BEl,s and Cee, « 25 the only fitting

parameters. As displayed by the dotted lines of Fig. 13, the
) triple-exponential model describes remarkably well the tran-
sient behavior of the[Qg,X) emission band. As shown in the
) upper panel of Fig. 14, the results of the fits to the TRPL data

2
t
IBE,s(t):i:El Cek, ,seXF{ -

Td,s

(29)  achieved with the triple-exponential model revealed that
Cee, s/Cee, s~ C'® (squaresin a broadEg x spectral range.

2
—2 Cee ,sex;{ -
i=1
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FIG. 13. 4.2-K PL transient measuremeftacles of selected FIG. 14. The upper and lower panels show, respectively, the rise
lines shown in Fig. 3 under identical experimental conditions. Thetime and lifetime constants across structiaag Fig. 3 (circles. The
solid (dotted lines are least-squares fits to the data obtained using golid curves are fits to Eq30) and (31). The results of the fits
double-exponential modétriple-exponential modgl obtained using a triple-exponential model are also displayed in the

upper panelsquares
That result seems to indicate that whegy increases, both
“cold” and “hot” free-exciton distributions contribute (=15 K) for sample 1(sample 2, yge, dominates. Regard-
equally to the overall density of bound excitons. In brief, theing sample 1, above=20 K, excitons dissociate from their
analysis of our TRPL data revealed that s*Eg x across  deep binding centers angge, decreases rapidly. For tem-

the (D3,X) emission band. Furthermore, sincg x),  peratures above-15 K, sample 2 shows a similar decrease
ocrr‘lls, it can then be argued that in a diluted system theof yge, but linked to the dissociation of excitons from shal-

deeper the binding center, the smaller its corresponding exower deep binding centers. Abowe70 K, yq, contributes to
citon trapping probability. In other words, excitons tend tobothy pg andyypg, as shown in Fig. 15. Regarding samples
favor binding around relatively shallow deep-donor centers3 and 4, the main contributions tg pg and yypg come from
That substantiates why the effect e, upon y_pg occurs Yo, Ya, @ndyo in the temperature range investigateat

in the low-temperature range of 4.2—35 K. Now that theshown. We point out thatyD; contributes weakly to both

effect of ygg, upon ypg has been clarified, we next inves- ,, .. and y pg in all our samples since the deep-donor cen-
tigate whether or noy _pg exhibits a linewidth narrowing for ters are mostly neutral for temperatures below 80 K.
temperatures below 4.2 K. We point out that the expected In order to explain guantitatively the temperature depen-
linewidth broadening ofy pg with decreasing temperature dencies ofvy, pg and yypg, the polariton interaction with
associated with the shallowest population of binding centerbound excitons, ionized impurities, and phonons must be
is not observed around 1.8 K for samples 1-4. That resultaken into account. However, the rigorous theoretical calcu-
seems to indicate that lower-branch polaritons may interadation of such interactions is difficult to determine within the
perhaps with even shallower neutral donor—bound-excitoframework of the polariton transport model. Nevertheless, in
complexes than theD$,X),—; ones. We point out that in a more qualitative approach, the polariton interactions with
order to probe as a function of temperature the net linewidtiother crystal excitations can be modeled by introducing in
narrowing of the LPB associated with the shallowest popuEg. (1) a phenomenological damping factbf,
lation of bound excitons, PL measurements must be per-
formed in a quite narrow temperature range well below 1.8 ) A7 BEZ(kg+ik,)
K. We stress the fact that the experimental procedure to carry e(kptik; ,E) =€, + = = (32
: : n(kgrtik))—E“—iET

out such optical measurements is not clear.

Figure 15 shows the typical result of our phenomenologiyyhere ky and k; are, respectively, the real and imaginary
cal model by displaying the different contributions #0ps  pojariton wave vectorg describes the normal propagating

and yype for sample 1. Regarding samples 1 andmdt  modes in the crystal, whill, describes the absorption pro-
shown), the main contributions tgypg come fromyp+ and  cess of polaritons in the semiconductor since 2k, , @ be-

va. The temperature dependencieswbg for samples 1  ing the absorption coefficient. Although we realize that the
and 2 are strikingly different. For temperatures bete® K phenomenological approach based on 82) is question-
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FIG. 15. Contributions to the linewidthg pg and ypg as a

. . FIG. 16. R sitive axi i i ti isLPB
function of temperaturésample 1. Yo; and Yp; are, respectively, G. 16. Realpositive axi3 and imaginan(negative axis

(curves 1, 2', and 3) and UPB(curves 1, 2, and )3dispersion
the contribution to the linewidth from shallow and deep impurities. cryes ofn-type InP obtained using E¢32) near the exciton reso-
va @ndyo are, respectively, the contribution to the linewidth from nance as a function of damping=E, /100 (curves 1 and ).
LA and LO phonons, ancj/BE2 is the contribution to the linewidth I'=E; /10 (curves 2 and 2. I'= El,L';' (curves 3 and 3.

from deep-donor bound excitons.

) ) can be argued that a bound-exciton complex is characterized
able on theoretical grounds, it helps nevertheless describe tlf[gg, a short-range scattering potential whereas, in a diluted
transition from undamped to strongly damped polaritonssystem, an ionized impurity center is described by a long-
Figure 16 shows as a function bfthe imaginary dispersion range scattering potential. Consequently, polaritons with
curves of InP(negative axis Those curves provide the en- |arge wave vectors are more likely to interact with a short-
ergy intervals that give rise to optical absorption. On the ongange scattering potential and those with small wave vectors
hand, the population of photogenerated lower-branch polariyith a long-range one. Moreover, only lower-branch polari-
tons decreases very rapidly as we depe}rt from the excitoghns can have large wave vectors for energies aligve as
resonanceécurves I, 2', and 3). In addition, the popula-  gisplayed in Fig. 1Gpositive axi$. Due to the complexity of
tion of photogenerated lower-branch polaritons increaseghe polariton picture in semiconductors, it is important to
rapidly with increasingl’ (curves 1, 2', and 3). On the  emphasize that the results obtained from &%) should be
other hand, the population of photogenerated upper-brancfised with particular caution. The exact diagonalization of the
polaritons slowly decreases as we approach the exciton resgplariton interactions with the various crystal excitations en-
nance(curves 1, 2, and )3 Figure 16 also displays the real counter in this work should help clarify the effect of damp-
dispersion curves of InRpositive axi$ as a function off.  ing on the dispersion curves of semiconductors. That task is
WhenT increases, the LPB dispersion curve is not affectecheyond the scope of the present paper, which nevertheless
significantly (curves 1, 2, and 3). In contrast, the behav- provides insight into the genuine scattering mechanisms that

ior of the UPB dispersion curve drastically changes by exgontrol the emission linewidth in 11I-V bulk semiconductors
tending at energies belof;, , and at wave vectors smaller sych as InP.

than those of the LPB dispersion curairves 1, 2, and)3

A density of states which spr_eads throughout the exciton_ IV. CONCLUSION

resonance then becomes available to upper-branch polari-

tons. We point out that these results are in qualitative agree- We have presented a detailed temperature-dependent pho-
ment with those obtained by Matsuhita near the exciton resaoluminescence study of the LPB and UPB components of
nance of CdS.It is to be noted that the results shown in Fig. the n=1 free-exciton transition in four high-purity, low-

16 (positive axi$ qualitatively explain the temperature de- compensationp-type epilayers with a concentration of neu-
pendencies ofy pg and y pg Shown in Figs. 8—11. As al- tral shallow (deep donors in the range of 7:010-2
ready mentioned, our results revealed thgkg increases X 10 cm 2 [(0-1.45)x 10 cm™3]. A Lorentzian line-
more rapidly as a function of temperature thapg, which  shape analysis of the photoluminescence spectra reveals a
does not vary considerably in the corresponding temperatungrocess by which the lower-branch polariton population is
range. In addition, our results can also explain the differentonverted into upper-branch polaritons as the temperature is
values Of)’(B,X)Z and Yo/ obtained for samples 1 and 2. It increased to 25 K. We have also found that the linewidth of
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the UPB emission increases more rapidly as a function ohot display an emission linewidth narrowing of the LPB. In
temperature than that of the LPB, so that, for high enougladdition, time-resolved photoluminescence measurements
temperatures, emissions from both polariton populations coperformed across the neutral deep-donor bound-exciton
exist in the same energy range. Moreover, when the concermission band revealed that the rise time constants increase
tration of neutral deep donors is higher than that of the neutinearly with the exciton localization energy. That result sug-
tral shallow donors, the emission linewidth from lower- gests that excitons favor interacting with shallower deep-
branch polaritons exhibits a striking narrowing in the donor centers, in qualitative agreement with our emission
temperature range c#10-35 K due to the polariton inter- |inewidth results corresponding to the lower polariton
action with deep-donor bound excitons. In addition, we haveyranch. Taken all together, our results cannot be explained
observed that the onset of emission linewidth narrowingyithin the framework of the standard polariton transport
from lower-branch polaritons shifts to lower temperatures asnodel, but are nevertheless well reproduced by a phenom-

the neutral shallow-donor concentration is increasled.but kegno|ogica| model which takes into account po'ariton scatter-
below that of the neutral deep donors. That effect is linked thg by bound excitonsi ionized impurities’ and phonons_

the polariton interaction with a population of shallower deep-

donor bound excitons. In contrast, when the concentration of
shallow donors is increased significantly above that of the
deep donors, the emission linewidth narrowing from lower-

branch polaritons vanishes, suggesting that excitons have fa- We thank Dr. M. Benzaquen for enlightening discussions
vored binding around the shallowest donors. That interpretaconcerning the low-field electronic transport analysis, and
tion of the data is supported by the results obtained in @r. Y. Hammoud for calculating the effect of damping on

sample free of deep donors, which at low temperatures dodbke polariton dispersion curves of InP.
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