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Raman-scattering study of photoexcited plasma in semiconducting and semi-insulating InP
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Raman scattering is used to study the photoexcited electron-hole plasma generated under continuous-wave
laser excitation in semiconducting and semi-insulating InP at room temperature and at 80 K. Coupled
plasmon—LO-phonon modes are detected in both types of samples, even at low laser excitation power. The
coupled modes are clearly resolved from the depletion-zone LO mode in high-resolution measurements. This
makes possible the accurate determination of the frequency and width of the unscreened LO-phonon peak. The
photoexcited-plasma density is obtained for different incident laser powers by fitting the Raman spectra with a
line-shape calculation based on a Lindhard-Mermin dielectric function that takes into account electron and hole
contributions[S0163-182608)12719-4

[. INTRODUCTION InP by means of time-resolved Raman spectroscopy using
separate pump and probe beaht high exciting power
There is an increasing interest in InP because its eleddensities €10°W cm™?) the LOPCM peak was unambigu-
tronic properties and excellent lattice match with low-band-ously detected, and the photoexcited-plasma density was de-
gap alloys such as GalnAs, GalnAsP, AlinAs, and AlGalnAstermined at different pump-probe delay times by fitting the-
make it attractive for applications in a wide range of elec-oretical line shapes calculated from a Lindhard-Mermin
tronic and optoelectronic devices. Thus, InP-based highdielectric function. A similar study was also carried out in
speed logic circuits that take advantage of the high electrof-type InP(Ref. 10, where the diffusion of the nonequilib-
mobility in InP have been reportéd.Millimeter-wave rium plasma was analyzed in terms of a modified diffusion
sources and amplifiers based on InP are expected to operaggguation including a drift term.
at higher frequencies with lower noise and higher efficiency The first observation of light scattering by LOPCM's in
than those based on GaAs because of the larger separatis@miconducting InP under cw-laser excitation was reported
between thd” andL conduction-band minimap-type InP by Nakamura and Katoda.In lightly dopedn-type InP, they
has also found use in the fabrication of high-efficiencyobserved a frequency shift to higher energies of the LOPCM
Schottky-barrier solar celSinP-based devices are also very peak when the laser-power density was increased frofn 10
suitable in applications for optical fiber communications, asto 1.2 X 10°W cm™2. Subsequent measurements performed
they can operate in the low-loss window of silica fibers. Ava-on semiconducting InP in steady-state conditfonsave
lanche photodiodes based on the lattice matched GalnAsRJearly resolved the.™ branch of the LOPCM's from the
InP (Ref. 4 and GalnAs/InP(Ref. 5 systems have been unscreened LO modes arising from the surface depletion
reported to yield high quantum efficiency and fast respons@one, but only in spectra obtained with high power densities.
time in the 1.0—1.6:m wavelength region. InP is a material However, the same authors could not resolve Itfiepeak
very well suited to be used as a substrate for the fabricatioffom the LO peak in semi-insulating InP. Recently, polarized
of such devices. A good knowledge of the physical properRaman-scattering measurements on a MOCVD-grown epi-
ties of InP, and in particular of the generation and dynamicdaxial layer of InP have been publishEtThese results ap-
of photoexcited charge, may offer valuable insights for thepear to be in conflict with previous data’?asL* shifts of
development of high-performance optoelectronic devices. only 0.2 cm ! are reported for large variations of laser
In this paper, we have used Raman scattering to study thgower, in contrast with. ™ shifts of 15 cm ! (Ref. 12 and
electron-hole plasma generated by continuous-wawg la- 20 cm™! (least doped sample of Ref. lfound in previous
ser excitation in semiconducting and semi-insulating InPworks for lower laser-power densities.
The first observation of light scattering by photoexcited LO- For GaAs, light scattering by collective excitations of a
plasmon coupled moddsOPCM'’s) in a Ill-V semiconduc- photoexcited plasma in steady-state conditions could only be
tor was reported in GaP excited with a high-power pulsedbserved when the GaAs layers were buried between confin-
dye lasef Subsequently, extensive studies of light scatteringng Al ,Ga, _,As layers* The fact that the photoexcitdd"
by single-particle and collective excitations of the electron-peak can be unambiguously observed from GaAs layers
hole plasma have been carried out, mainly on Ga®y.  sandwiched between AGa _,As layers, and not from bare
contrast, only a few studies have been reported so far on Inf5aAs surfaces, has been attributed to the high surface recom-
The first experiments on light scattering by a photoexcitecbination velocity (SRV) at free GaAs surfacés, which is
plasma in undoped InP, carried out using a two-photon absubstantially reduced at the Aba_,As/GaAs interface.
sorption techniqu&,showed small broadenings of the LO The situation is quite different for InP. The low values of
peak when high power densities of the pulsed laser wer&RV for InP (Refs. 16—18 may explain the fact that it is
employed. In a later work, the time evolution of a nonequi-possible to observe Raman scattering by LOPCM’s from a
librium electron-hole plasma was studied in semi-insulatingoulk InP sample under cw-excitation conditions.
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Light scattering by photoexcited LOPCM’s has been re-power was adjusted to take into account the absorption of the
ported in semi-insulating InP only under excitation with cryostat windows.
high-power laser pulsest® Therefore, one might be inclined
to believe that Raman spectra of semi-insulating InP obAll. THEORY: CALCULATION OF LOPCM LINE SHAPES
tained using cw-laser excitation at moderate powers are un-
affected by photoexcited plasma, and, consequently, ind%r
pendent of the laser power used. In this paper, we present
light-scattering study of the electron-hole plasma generate@

by C\_N-Iasgr excitation in semiconducting and Semi'msulatm.gcomponent nature of the plasma modifies the spectra of the
InP-in which we show that LOPCM's are detected in Seml'coupled modes, and intra- and inter-valence-band contribu-

insulating as well as in semiconducting InP, even at very lOWtions to the susceptibilty had to be included in the

laser-power density. To our knowledge, this is the first time L 14 :
. . . ) calculations* An extension of the LOPCM theory of Hon
tha‘; I'ght scatt_e_rlnglb%( phlotgexcged LOIIDCM S ha_n;s Peenvzle'and Faust was proposed to deal with the coupling of LO
ported In semi-insu’ating In™ under cw-iaser exciation. Wey,,yag \ith free-hole plasnfdjn which the contributions to
study the photoexcited plasma as a function of the excitin

laser power. at room temperature and at 80 K Tthe susceptibility from intraband and interband transitions
pOwer, mperatu - N8 etween degenerate spiike heavy- and spirk-like light-
photoexcned-pla}sma.densny IS extracte_d from the Ramajj e pands were taken into account. This theory has been
spectra by fltpng_ Ilne-_shape _calculatlons I.JaSEd ON" Ysed to model time-resolved Raman-scattering experiments
Lindhard-Mermin dielectric function that takes into accountCarried out in photoexcited plasma in IARIthough the hole

électron and hole contr|but|on§. AIthough some auttiors contribution to the susceptibility was not considered by other
have neglected the hole contributions in previous Raman

; o ; authorst® we show that the influence of the holes in the
scattering determinations of the photoexcited-plasma dertOPCM line shape is not negligible

Si.tY’ we show that negleqting'the hole terms in the spscepti— In order to clarify the discussion of the different contribu-
F'“ty Iheads ftf[) in ;)hverestlman%né)f the plasnla dhensny.”The[i ns, provide a unified notation for the different terms, and
Iné-shape Mts 1o the measurec Raman spectra have alloweg, iy -,nfsion by some misprints detected in some refer-

us to compare the diﬁerle.nt pla§ma densities generated_ Lhces, we give a comprehensive outline of the model we
semiconducting and semi-insulating InP at the same eXClt%ave used. The Raman-scattering line shapes are calculated

tion level. using the fluctuation-dissipation analysfsyhich for the dif-
ferential Raman cross section of the LOPCM's yields
Il. EXPERIMENT o —1[e,
J —+2Ax,— A%y,

4

——xJ 1+ —xe ,

In this work we have useL00)-oriented wafers of InP dwdQd 4m €o0 Xe h) )
grown by the liquid-encapsulated CzochralskiEC) 3.1
method. The nominally undoped, semiconducting InP wafersvhere e(w) = €..+ 4m(x, + xe.n) is the total dielectric func-
were grown by MCP Wafer Technologies, Ltd. The electrontion of the electron-hole plasma and

concentration in these wafers was in th@.2-6.0

The theory of LOPCM’s has long been well established
the coupling of LO phonons with the free-electron
asma in n-type semiconductors. For photoexcited

lectron-hole plasma in GaAs, it was observed that the two-

e(0)

X 10%cm™3 range, and the resistivity in the 0.31-022cm w3
range. The Fe-doped, semi-insulating InP wafers were grown A=—5C. (3.2
by Sumitomo using a LEC method in a phosphorus- “Lo™ @10

controlled vapor pressure to reduce the dislocation densityC is the Faust-Henry coefficient, andrg and o o are the
Fe concentration in these wafers was in tfe6-4.2  zone center transverse and longitudinal optical mode fre-
x10'° cm® range, and the resistivity in thél.2—4.2  quencies, respectively, is the ionic lattice contribution to
X 10" Q cm range. The 528.7-nm line of an argon-ion laserthe susceptibility, which arises from the dipole moments in-
was used as an excitation source. The Raman spectra wediced by the longitudinal optical modes, and is given by
recorded using a T64000 Jobin-Yvon spectrometer equipped
with a charge-coupled device detector cooled with liquid ni- €., wfo“”%o
trogen. The polarized Raman measurements were carried out X1=a - D2 2 il
in the z(x,y) z scattering geometry. The experiments were @107 @ 1@
performed using the triple additive configuration of the specwherel’, is a phenomenological ionic damping constant;,
trometer with 100um slits. For this configuration, we have is the electron-hole plasma susceptibility, which contains
determined the spectral bandwidth to4®.7 cm ! by de-  contributions from both electron and hole intraband transi-
convolving the first-order phonon peak of Si, measured at 8@ions as well as heavy-hole—light-hole interband transitions.
K, with a triangular response function. The low-temperaturé/Ve assume that the photoexcited carriers are thermalized to
measurements were carried out in a TBT liquid nitrogen cry-a Maxwell-Boltzmann velocity distribution, and that the en-
ostat. ergy dispersion is parabolic with a carrier effective mass

The laser beam was focused to an elliptical spot of abou€onsidering, as it will be seen below, that the photoexcited
185 X285 um?. The exciting laser powers were measuredcarrier densities in our experiments are in the'®taot’
at the sample location, and we used values ranging from 3 tom™ 3 range, the parabolic-band approximation is quite rea-
55 mW, corresponding to power densities between 7 and 138onable. Under these assumptions, the intraband frequency-
W cm™2. For the low-temperature measurements the lasedependent Lindhard dielectric function can be expresséd as

(3.3
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) e. 1 dz(n) where EHH(k.) and ELH(k) are the kin.etic energies of the
Xinga@,0) =~ g— —— qr (3.4  heavy and light holes in their respective bands.
87 (\pq) Y Then, after integrating over angles, the Lindhard inter-
where band susceptibility can be expressed in¢he 0 limit as an
integral over transition energies,
1 +oe eix2 2 —1
Z(g)=— dx 3. et (= 2E
=) SO el == | ﬁ\/ﬂ [f(E)~ Fn(E)]

is the classical-plasma dispersion function, which is related

to the complementary error function By 1 1

X — + — 1, (3.13
) 2 ) E+hw+i0" E—-fhw—i0"
Z(p)=iJme Terfd—in). (3.6)
_ ) where fyy and f y are the heavy-hole and light-hole
The parameter, is defined as Maxwell-Boltzmann distributions.
|12, Using the identity
nz(ZkBT) q 3.9 1 1) .
——=p|—|FiTd(w) (3.19
and\p, is Debye’s length given by w=17 ®
12 the imaginary part of Eq.3.13 can be written as
_ €, kBT 3 8)
D7\ 47 2| @ 1 [2e'u
I(Xinte) = 4 T[fHH(ﬁw)_ flu(ho)].
wherekgT is the Boltzmann’s temperature factar,is the h o
free-carrier concentration, arglis the electron charge. (3.19

Collision damping is included in the intraband suscepti-

™ . . T Finally, the real part of the susceptibility is evaluated nu-
bilities using Mermin’s prescnpﬂo?ﬁ Y b b Y

merically from Eq.(3.195 using the Kramers-Kronig rela-

. L . tions.
(@) = (1+il' @) Xipga @ +1T,0) _ Damping can be included in the interband term following
e ’ 1+iT xhya(@+iT,q) /[ 0xhea(0,0)] the outline given in Ref. 25. However, for the low plasma
(3.9  densities involved in our experiments, the effect of interband

damping is expected to be small. Therefore, to avoid intro-
We assume that all free carriers are photoexcited pairgiucing unnecessary adjustable parameters in the model, we
that is, ng=nyy+n.y, and that the density ratio between neglect damping in the interband term. To further reduce the
heavy holes and light holes is given by the equilibrium rela-number of adjustable parameters, the intraband damping
tion Ny /n = (mf/mi,)¥2 Under these assumptions, the constants are taken to be related by power of the mass
intraband contributions to the susceptibility given by Egs.ratio of the different particles. This type of power-law rela-
(3.4) and(3.9) are calculated for electrong{), heavy holes tion between the damping constants and the mass of the par-
(xun), and light holes g ). ticles has been used previously, with exponénts; (Refs. 9
The contribution to the susceptibility due to inter-valence-and 20. In this range, the particular choice of exponent has
band transitions is evaluated from a Lindhard-type expresvery little influence on the final values of plasma density
sion weighted by the overlap integrals between the heavyebtained from the fits.
and light-hole eigenstates. Following the approach of Comb- The Raman line shape given by E®.1) is convolved
escot and Nozies?* in the Kohn-Luttinger representation with the instrumental effective slitwidth and fitted to the ex-
for the hole states, the matrix element of the density operatgoerimental spectra, with two adjustable parameters, the
between light- and heavy-hole states of wave veckoed plasma density, and a phenomenological electronic damp-
k+q is given in the smally limit by ing constant,.
To obtain reliable values of the plasma density, particu-

|<k|e‘q'r|k+q>|2=§( qsina) 2 (3.10 larly at low concentrations where the LOPCM frequency ap-
4\ k ' ' proaches the LO frequency, it is necessary to have accurate

. determinations of the energy and linewidth of the LO mode.

whereq is the angle betweek andg. In Table | we list the values of the input parameters that we
We introduce the reduced mass have used in the model calculations. The phonon energy and

. linewidth of InP were determined from our own high-

MMy (3.11) resolution measurements at room temperature and at 80 K

= M — M, ' because the results of the model depend critically on their

values. The values for the effective masses, which are the
and the transition energy same as those used in Ref. 9, as well as the rest of the

parameters were taken from Ref. 26.
In Ref. 20, the susceptibility terms corresponding to

1
= 22— —
E(k) 2,uﬁ K= eLn(l) — epn(k), (312 heavy holes, light holes, and interband heavy-hole—light-
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TABLE I. List of parameters used in the calculations. The values were taken from Ref. 26, except for
w0, W10, andI' o, which were obtained from our own measurements. The values inside parentheses
correspond to 80 K. The values bf 5 have been corrected for experimental resolution.

Symbol Description Value

mj Electron effective mass 0.079,

miiy Heavy-hole effective mass 0.48,

mi‘y Light-hole effective mass 0.1

C Faust-Henry coefficient -0.14

€, High-frequency dielectric constant 9.61

L0 LO phonon frequency 343.5 cnt (346.8 cmi 1)
010 TO phonon frequency 303.8 cm (306.4 cm' %)
I'o LO linewidth 1.2 cm ! (0.45 cmi )

hole transitions were separately incorporated to the LOPCMhape(dashed ling mainly because of the overdamped na-
line-shape model for heavily doped X80 cm %) ture of the heavy holes for the parameters used in the calcu-
p-GaAs, and the importance of including the light-hole andlation. When the less-damped light holes are included in the
interband terms in addition to the heavy-hole term wasmodel, theL™ peak shifts to higher energies and broadens,
clearly demonstrated. In the present work, we show the infeflecting the increase of charge and damping in the plasma
fluence of the different terms contributing to the susceptibil-(dotted ling. Finally, including the contribution of heavy-
ity for the case of a photoexcited electron-hole plasma. Thifiole—light-hole interband transitions to the susceptibility in-
system differs substantially from that reported in Ref. 20 introduces an additional intrinsic source of damping in the
that, first, the electronic contribution has to be included, andelectron-hole plasma, which is reflected in a broader, more
second, the input parameters of the model correspond to @asymmetric line shapésolid line) with a tail towards its
much lower density plasma. Consequently, the individuahigh-energy side. This type of line shape provides the best
contributions to the susceptibility are significantly different. fits to the experimental Raman spectsee Sec. Y. The

To evaluate the effect of including the hole contributionsresults of the full model for the parameters used to obtain the
in the electron-hole plasma model, we compare in Fig. 1 theurves shown in Fig. 1 yield an* frequency about 3 cm*

L* line shape calculated using the full model with the resultshigher than the value obtained when the holes are completely
of calculations in which different hole contributions have neglected. Typically, plasma densities about 20% higher are
been neglected. In contrast to the high values of charge dembtained if the fits are carried out using a model including
sity used in Ref. 20, we have carried out these calculationsnly electrons instead of the full model in which the different
for ng=5x10" cm 2 andI',=100 cni !, which are val- hole contributions are also taken into account.

ues of plasma density and electronic damping representative
of photoexcited plasma in semiconducting Ifgee Sec. IV.

As can be seen in Fig. 1, neglecting all the hole terms
leads to a narrower and more symmetti¢ line shape
(dashed-dotted line The addition of the intraband heavy- Figure 2 shows polarized Raman spectra of semiconduct-
hole contribution does not change substantially the Iinqng InP excited with different laser powers in the 3—-55 mW

range, corresponding to laser-power densities between 7 and

—~ 133 W cm 2. For higher incident laser power the higher
//'\\ damping in the plasma gives rise to very broad structures for

4 which the fitted parameters would have a larger uncertainty.

The Raman measurements were performed(ix,y)z
scattering geometry, where both LO-phonon and LOPCM
Raman scattering are allowed via deformation potential
mechanisnf’ Two peaks can be observed in the spectra of
semiconducting InP shown in Fig. 2. The frequency of the
low-energy peak, 343.5 cit at room temperature and
346.8 cm ! at 80 K, does not change with the exciting laser

: : L : power. This peak is due to the unscreened LO modes of the
340 360 380 400 420 surface depletion zone. We find a LO frequency lower than
values previously reported, which range from 34@Rgf. 29
to 348.5 cm ! (Ref. 29 at room temperature. We shall dis-

FIG. 1. LOPCM line shapes calculated fog=5x 1017 cm™3  CUss below possible reasons for these discrepancies. The
andT',=100 cni! using the model described in Sec. Ill, where high-energy peak of the spectra displayed in Fig. 2 exhibits
the plasma susceptibility has been seytoy, (dashed-dotted line ~ an absolute dependence on the laser power, and we assign it
X=Xe+ xun (dashed ling x= xe+ xu+ xLy (dotted ling, andy  to theL™ branch of the LOPCM's. As can be seen in Fig.
=Xe+ XunT Xin T Xinter (SOlid line). 2(a), the LO andL ™ peaks can be resolved at room tempera-

IV. PHOTOEXCITED PLASMA
IN SEMICONDUCTING InP

Intensity

Raman shift (cm'!)
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were necessary to resolve thé peak at room temperature

in previous works>*?As can be seen in Table Il, the largest
LO-L™ splittings reported in Refs. 11 and 12 are similar to
ours, but were obtained for power densities one order of
magnitude larger. Several factors may contribute to these

2 differences. The accuracy in the determination of the spot
LE size, which can lead to large variations in the estimated laser-
8 28mW power density, and the low resolution used in some experi-
14mW 14mW ments may play an important role in the observed discrepan-

cies. In addition, the data from Ref. 11 correspond to a

,j/\‘ TmW __JM lightly doped InP sample, and the presence of the free-
W (\ AW electron plasma may have obscured the observation of the

photoexcited plasma. Also, the recombination rate of the
photoexcited electron-hole pairs may be different in this
sample due to the presence of dopant impurities. Some dif-
ferences with the results reported in Ref. 13 could be ex-
FIG. 2. (a) Room-temperature Raman spectra of semiconductinghected from the fact that those experiments were carried out
InP at_ different incident laser powz_ars, showipg j[he shift to highernear theEy+ A, resonance, where the absorption coefficient
energies of thé. " coupled modes with the excitation powés) As ot |np s significantly lower than for the wavelength we have

in (a), at 80 K. Note the different scale on the frequency axes of 5o 30 Nevertheless, the observation in that work of a single
these plots. The spectra were recorded in zfvey)z scattering

geometry peak, assigned to the™ mode, in thez(x,y)z scattering

' geometry, in spite of the high power densities used, is a
surprising result, as LO-phonon Raman scattering is allowed
ip this geometry near thEy+ A, resonance via deformation

320 340 360 380 400 420 340 350 360 370

Raman shift (cm™) Raman shift (cm™)

ture for an incident laser power of 3 mW. In Figb2 we

show the Raman spectra of semiconducting InP recorded ; . . o
80 K. The separation between the LO andl peaks is im- potential mechanisrt Moreover, this peak exhibits a fre-

proved at low temperature because the linewidths of botfluency shift of only 0.2 cm* when the laser-power density
peaks are notably reduced. In measurements at 80 K, w§ Incréased by a factor of 4, while its shape and width are
have been able to resolve the LO andl peaks even for a Vvery similar to that of the LO peak seen in tla¢x,x)z
laser-power density as low as 0.8 W ¢ spectrum. Surprisingly, only a single peak can be seen in this
In Table Il we compare our results with previously re- Spectrum, in spite of the fact that Raman scattering by both
ported dati~23 on electron-hole plasma generated by cw-LO andL™ modes is allowed in this geometry near thg
laser excitation in semiconducting InP. We have included thet 4o ~ resonance  via  impurity-induced  Friich
lowest and highest power densities reported in each articlénteraction:”** Considering the very small shift with in-
Whereas at room temperature we have been able to resoleeeasing laser power of the peak observed in zbey)z
theL™ peak of the photoexcited plasma for power densitiesspectra, the presence of only one peak in each configuration,
as low as 7 W cm?, power densities above 200 W ¢rA  and the very similar width of the peaks seen in both configu-

TABLE Il. Comparison of our results with previously reported data on cw-laser photoexcited plasma in
semiconducting InP. We have included the lowest and the highest power densities reported in each article.
The results from Ref. 11 displayed in the table correspond to the least doped sam@le (0% cm™3).

The splitting and the plasma density quoted for this sample correspond to the shiftlof theak and the
photoexcited excess-carrier density, respectively.

Temperature Power Power density L*-LO splitting Plasma density
(K) (mWw) (W cm™2) (ecm™h (ecm™3) Ref.
RT 3 7 6.3 9x 10 a
RT 55 133 24.0 5.2<10Y a
80 3 7 2.6 4x 106 a
80 55 133 7.8 1.4< 10" a
RT 100 0 0 b
RT 1200 22 2.8< 10" b
RT 116 0 c
RT 928 20 c
10 40 0.4 1.5x10'° d
10 1360 0.6 3.3 10'¢ d

%Present work.
bReference 11.
‘Reference 12.
dreference 13.
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rations, the possibility that the peak observed inzpey)z 1.00
configuration actually corresponds to the LO mode should
not be ruled out. 0.98
The model developed in Sec. lll, which we use to deter- S 096
mine the density of photoexcited plasma from the Raman =
spectra, assumes a uniform plasma and therefore it yields e 0.94
reliable fits of the LOPCM Raman line shape with a single
value for the plasma density and for the electronic damping 0.92
provided that the photoexcited plasma can be considered ho-
mogeneous in the region probed by Raman scattering. 0.90 : '
Younget al!® evaluated the homogeneity of the photoex- 0 100 200 300
cited carriers in InP for time-resolved Raman-scattering ex-
Depth (nm)

periments in which the probing light is delayed a few pico-
secpnds from the exciting pl'JIse'. These authors already foupd FIG. 3. Relative variation of the photoexcited plasma density
a highly homogeneous distribution of the photoexcited carriyith depth for InP under continuous excitation conditions. The
ers in InP over the region probed by the laser, in contrasgyrves, normalized to the plasma density at the sunfa¢®), have
with the highly inhomogeneous profiles generated in GaAspeen calculated from a one-dimensional diffusion equation for
In the present paper, we evaluate the homogeneity of thg (0) values of 5<10'7 cm~23 (solid line) and 5x 10'® c¢m™2 (dot-
photoexcited plasma in InP under the experimental condited line.
tions used in our measurements, which have substantial dif-
ferences in relation to those of Ref. 15. First, the Ramanthe region probed by the laser the homogeneity of the pho-
scattering experiments were carried out in steady-statexcited carriers in InP for steady-state conditions is even
conditions under continuous excitation. Therefore, the bulkhigher than that reported in Ref. 15.
recombination, which was not taken into account in Ref. 15 Obviously, this one-dimensional diffusion model is too
because the bulk recombination lifetime is very large in re-simple to yield reliable absolute values for the photoexcited
lation to the delay time, must be included in the profile cal-plasma density. We use it only to estimate the relative varia-
culations. Second, an unusually high value of SRV for InPtions of the charge density within the range of depths probed
was used in Ref. 15. And finally, the penetration depth forby the laser.
the laser wavelength used in our experiments is lower than Lateral inhomogeneity in the photoexcited plasma may
that of Ref. 15. Taking into account these differences, andrise from the Gaussian intensity profile of the laser beam.
assuming also a punctual laser beam, we have calculated t8ampling regions with different plasma densities could give
depth profile of the photoexcited carriers for steady-statgise to shifts and broadenings of the LOPCM peak, as the
conditions by solving a simple one-dimensional diffusionenergy of the coupled modes depends on the plasma density.
equation. A density-independent ambipolar diffusion coeffi-To model the influence of lateral inhomogeneity on the
cient of 4.5 cnf/s (Ref. 18 was used in the calculations. The LOPCM spectra, we have generated a laterally averaged line
recombination lifetimer is taken inversely proportional to shape(LAL ), which incorporates the effects of the Gaussian
the carrier densityr=1/Bn,,*? with B the coefficient for the  intensity profile of the laser beam in the following way. First,
radiative transition probability, which was determined to bewe assume a linear dependence between the photoexcited
3.33x10 1% cn® 57! for InP32 In the range of SRV's re- charge density and the intensity of the laser light, which is
ported in the literaturé®~*8 the calculated carrier profile is consistent with the results shown in Fig. 4, and hence the
not sensitive to the particular choice of SRV. In our calcula-photoexcited charge is also assumed to have a Gaussian pro-
tion we have used the value of 100 cm’s'® The absorption file. Then, the individual LOPCM contributions to the LAL,
coefficient of InP at 528.7 nm was taken as XUZ®  corresponding to the different plasma densities across the
cm 130 photoexcited Gaussian profile, are calculated using the
In Fig. 3 we plot the photoexcited-charge profiles for themodel described in Sec. lll. The electronic damping coeffi-
first 300 nm from the surface obtained by numerical integracient used to calculate the LOPCM line shape for each
tion of the diffusion equation. We have calculated the profileplasma density is obtained from the results shown in Fig. 4.
for a charge density of 810'" c¢cm™2 at the surface, which Finally, the LAL is constructed as the weighted average of
is approximately the highest plasma density observed in outhe LOPCM line shapes over the slit width of the spectrom-
experiments. The depth profiles were normalized to theeter, taking into account the Gaussian profile of the laser
charge density at the surface. Considering the absorption ciatensity.
efficient of InP for the wavelength used in our experiments, To evaluate the accuracy of the plasma density and damp-
only about 10% of the initial intensity of the laser beam ising parameter values obtained by fitting the model of Sec.
acting as probing light at a depth of 110 nm. Then, accordindll, we fitted this single-LOPCM model to the LAL’s de-
to the results shown in Fig. 3, the inhomogeneity of thescribed above, which were generated for plasma densities in
plasma density in the region probed by the laser is less thathe range of those found in the experiments on semiconduct-
2%. Also displayed in Fig. 3 is the depth profile for a chargeing InP. It was found that the plasma-density value obtained
at the surface one order of magnitude lower, showing that thbom the single-LOPCM fit is within 3% of the average
relative variation of the plasma density decreases for lowecharge density in the Gaussian density distribution used to
densities, and is less than 0.5% fox %0 cm™2 within  generate the LAL. On the other hand, the damping parameter
110 nm from the surface. So, according to these results, overbtained from the single-LOPCM fit is only about 4 ¢t
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tion used. We have determined the LO frequency and line-
width at room temperature and at 80 K from high-resolution
(effective slitwidth ~0.7 cm 1) Raman spectra in which
the LO and the. ™ modes were well resolved. The values are
listed in Table I, where the linewidths have been corrected
for instrumental broadening.
In Fig. 4 we plot the results of the fitting procedure. As
can be seen in Fig.(d), where we display the model line-
L L L L shape fit to the room-temperature Raman spectrum obtained
33 340 350 360 370 380 with a laser power of 14 mW, very good fits to the experi-
Raman shift (cm™) mental data can be obtained. In Fig(b} we plot the
photoexcited-plasma density as obtained from the line-shape
fits versus the incident laser power. In the laser-power range
& .- Qoamem7T o studied, the density of the photoexcited plasma shows an
I PR = ] almost linear increase with the incident power, from 9
P ] % 10'® cm™3 for 3 mW to 5.2< 10" cm3 for 55-mW ex-
_____ ] citation at room temperature. At 80 K, the photogenerated
————— B ] plasma density takes values from 5.60'® cm™2 for 3 mwW
- ] to 1.4< 10" cm™2 for 55 mW. Both the density of photoex-
4 - - cited plasma and its rate of change with laser power are
20 40 60 lower at 80 K. As the temperature is lowered from 300 to 80
K, both the SRV and the ambipolar diffusion constant
increas€**>which may play an important role in the reduc-
FIG. 4. (a) Line-shape fit(solid line) to the experimental data tion of plasma density detected in Raman-scattering experi-
(dotg corresponding to semiconducting InP with an incident laserments. Further investigations should be carried out to clarify
power of 14 mW. The line shape was calculated using thethis point.
Lindhard-Mermin dielectric function as explained in Sec. Ill. The The values of the phenomen0|ogica| damp|ng parameter
LO mode arising from the surface depletion zone was fitted with agptained from the fits are plotted in Fig(ck The damping
Lorentzian line shape(b) Density of photoexcited plasma as a j,creases with the exciting laser power, from about 20 &m
function of laser power in semiconducting InP at room temperatur%r 3 mW to about 150 cmt for 55-mW excitation, reflect-
as determined from the fi(_c) Values of electronic damping for the ing the increase of the electron-hole plasma density, and
photoexcited plasma at different laser powers. hence, of the scattering rate in the photoexcited plasma. At

larger than the damping coefficient that is associated with théW exciting powers thé. ™ peak narrows considerably, par-
corresponding charge density according to the relationshificularly in the low-temperature measurements. The full
betweenT, andn, shown Fig. 4, which was assumed in the Width at half maximum of thé. ™ peak obtained at 80 K and
generation of the LAL. Therefore, the laser intensity profile3-MmW excitation after correction for the experimental broad-
has only a small effect on the LOPCM line shapes and it willening is just 1.4 cm*, only about three times the linewidth
not be considered in the analysis of the LOPCM RamarPf the LO mode. For this spectrum, we calculate a plasma
spectra. density of ~4x10'% cm 2 and a damping parameter of

The profiles shown in Fig. 3 do not include the surface~4 cm *. Such small damping parameters are not uncom-
depletion zone. We can make a rough estimation of the sufmon in photoexcited plasmas. Pinczekal.** have pointed
face depletion depth applying the simple model used byut that photoexcited electrons have unusually long relax-
Pinczuket al® to determine depletion depths in doped InP.ation times in GaAs, about ten times longer than in equiva-
Using the aim-type InP band-bending value of 0.2 eV re- lently dopedn-type GaAs, and have reported values of
ported by these authoféwe find for a carrier density of 5 damping below 5 cm* for capped GaAs at low tempera-
x 10" cm™2 a depletion depth of 17 nm. According to Fig. ture.
3, such a narrow depletion zone has no influence on the We have shown that, even for low incident laser powers,
homogeneity of the remaining region probed by the laser. the density of photoexcited plasma in semiconducting InP

All the above considerations about the inhomogeneity ofan be high enough to be detected by means of Raman spec-
the photoexcited plasma and its possible effects on the analjtoscopy.L ™ modes can be observed by this technique at
sis of the photoexcited charge indicate that, for InP under cWioom temperature for an incident laser power as low as 3
excitation, the photoexcited plasma density and damping cdMW. This may have a significant influence on experiments
efficient can be adequately determined from Raman spectr@ade on InP under cw-laser illumination and should be taken
using the theory of Sec. IIl. into account in future experiments.

Given that for the plasma densities involved in our experi-
ments the LOL* splitting is not very large, accurate values \, pLHOTOEXCITED PLASMA IN SEMI-INSULATING InP
of the LO frequency are essential to obtain meaningful re-
sults from the model. Values for the LO frequency and line- To our knowledge, no experimental evidence of coupled
width quoted in the literature are usually too laf&?® L™ modes has been reported so far for semi-insulating InP
probably due to the overlapping of the unresolted peak  under cw-laser excitation. In a previous wirl broadening
with the LO mode because of the low experimental resoluof the LO peak was observed as the laser power was in-
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FIG. 5. (a) Room-temperature Raman spectra of semi-insulating 20l © ____-—“"
InP at different incident laser powel®) As in (a) at 80 K. Note the § D_,,———’“’
different scale on the frequency axes of these plots. The spectra [ 101 I
were recorded in the(x,y)z scattering geometry. Ob 8-0" 7 ' 3
(x.y) 99 y 0 20 40 60
creased, but the* and LO peaks could not be resolved even Power (mW)

for laser-power densities close to 2000 W tfn , o _
In Fig. 5@ we show the room-temperature Raman spec- FIG. 6. (@ Lmt_e-shape f't(_S.OHd ||n_e) to the _expenn_wer_ltal data
tra of semi-insulating InP for laser powers from 7 to 55 mW. (dot9 corresponding to seml-lnsulatlng InP with an mcnder_lt laser
Whereas for low laser powers only a shoulder can be seen cfno"ver of 14 mW. The line shape was calculated using the
the low-energy side of the main Raman peak, two peaks ar indhard-Mermin dielectric function as explained in Sec. Ill. The

£o mode arising from the surface depletion zone was fitted with a

clearly resolved for higher laser powers. As already dIS'Lorentzian line shape(b) Density of photoexcited plasma as a

cussed for semiconducting InP, the low energy peak_ls due Yinction of laser power in semi-insulating InP at room temperature
the unscreened LO modes from the surface depletion zongg getermined from the fitc) Values of electronic damping for the

while the high-energy peak corresponds to the coupled photoexcited plasma at different laser powers.
modes. To reduce the linewidths and better resolve these two

peaks, we carried out Raman measurements at 80 K in theer power at room temperature as obtained from the fitting
same power range. Figuré shows the Raman spectra of procedure. The photoexcited-plasma density obtained from
semi-insulating InP at 80 K, where LO ard™ modes are the fits as well as its rate of change with laser power are
clearly resolved even for the lowest laser power. typically one order of magnitude smaller in semi-insulating
Comparing Figs. 2 and 5 we can see that, for the sam&P in relation to semiconducting InP. In both cases the pho-
laser power, the LQ-" shift is much larger in semiconduct- toexcited carrier density increases almost linearly with laser
ing InP, indicating a significantly higher plasma density. power in the range of laser powers studied. In contrast with
Semi-insulating InP, with resistivities of the order of 10 semiconducting InP discussed in Sec. IV, where a significant
cm, is obtained by doping the InP crystal with Fe during thedecrease of the photoexcited charge was observed at 80 K,
growth. The Fe impurity occupies In sites substitutionallythe photoexcited-plasma density in semi-insulating InP at 80
and introduces a deep level that compensates residual sh#l-is roughly the same as at room temperature. In semi-
low donors, thereby forming semi-insulating mateffal. insulating InP, lower capture rates at the Fe centers at 80 K
Semi-insulating InP contains neut@e®") and singly ion-  (Ref. 37 could explain an increase of photogenerated charge
ized (Fe?") acceptor states that have energies close to that low temperature that would counterbalance the higher sur-
middle of the gap’-*and therefore the Fe centers in InP actface recombination and carrier diffusivity at low temperature
as efficient recombination centers for the photoexciteddiscussed in Sec. IV.
electron-hole pairs. As a result of the different electron-hole We compare now our results with the photoexcited-
recombination kinetics, the density of photoexcited plasmalasma densities determined from time-resolved Raman-
for a given laser power is substantially reduced in semiscattering experiments on semi-insulating fPhe largest
insulating InP:Fe. Raman shift for theL* peak found in that work was 364.7
We have used the model discussed in Sec. IlI to fit them™! at 28.6-ps delay, much higher than the value we have
measured Raman spectra in order to determine thebserved in our semi-insulating samples at 55-mW laser ex-
photoexcited-plasma density in semi-insulating InP. Figurecitation. This is not surprising, since in those experiments the
6(a) shows the theoretical line shafsplid line) fitted to the  electron-hole plasma was excited using laser pulses with an
room-temperature Raman spectrydoty obtained with a average power of 480 mW. The photoexcited-plasma density
laser power of 14 mW. Reasonably good fits are obtainedgstimated in Ref. 9 from that Raman spectrum was 4.8
although the experimental spectra show an asymmetric highx 10" cm™3. Although this value is close to those we find
energy tail that is not accurately reproduced by the model. Ifior semiconducting InP for simildr ¥ peak frequencies, we
Fig. 6(b) we plot the photoexcited-plasma density versus lapoint out a significant difference between the analysis used
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to extract the plasma density in that paper and the approadche LO mode of InP are required, as for instance, in the
we have followed here. In fact, we have two adjustable padetermination of the strain in InP-based superlattices by
rameters in the model, namely, the photoexcited plasma demeans of the LO-mode strain-induced sffft.
sity and a phenomenological electronic damping constant.
By contrast, in Ref. 9 all the spectra obtained for a given
pump-beam fluence were fitted with the same damping pa-
rameter, which was taken as 280 ch regardless of the fact We have presented a study of photoexcited coupled LO-
that a significant variation of the plasma density for differentplasmon modes in semiconducting and semi-insulating InP
delay times was observed. As the plasma density and henemder cw-laser excitation. For the first time, to our knowl-
the scattering rates increase, the damping parameter is alsdge, the LO and.* peaks have been resolved in semi-
expected to increase. In fact, as can be seen in FigsaAd  insulating InP using cw-laser power excitation, thereby pro-
6(c), our results show a sizable increase of the electroniwiding evidence of Raman scattering by photoexcited charge
damping parameter in the range of power densities studiedh semi-insulating InP at power densities commonly used in
However, we have obtained damping values significantlyRaman-scattering experiments. In semiconducting InP, the
lower than the value used in Ref. 9, even for comparable.O and L* peaks could be resolved for power densities
plasma densities. Too large damping parameters in the modeiuch lower than previously reported.
yield broaderL™ line shapes shifted to lower frequencies, Both in semiconducting and semi-insulating InP, the pho-
and consequently, a larger plasma-density parameter has togenerated plasma density is high enough to be detected by
be used in the model to obtain good fits to the experimentaRaman measurements even at low laser excitation level. The
spectra. On the other hand, we note that in.Red value of accuracy of previous determinations of the energy and line-
3455 cmi! for the LO-phonon frequency and an ionic width of the LO mode may have been affected by the pres-
damping constant of 3 ciit were used in the calculations. ence of photoexcited charge. Since thé and LO peaks
As we discuss below, these valueswfy andI'| o, taken  overlap, a single peak mainly due to thé coupled mode is
from previously reported measurements, are probably todetected when Raman measurements are performed with low
large. Actually, the sharp peak reported as of unclear origimesolution, and therefore too large values of the LO energy
in Ref. 9 slightly below the LO energy, whose frequency isand linewidth are obtained. This should be taken into ac-
in good agreement with the LO frequency of 343.5 ¢ count when accurate measurements of the LO-mode energy
determined in the present work, could be due to the unand linewidth are required.
screened LO mode of the surface depletion zone. The use of The photoexcited-plasma density has been determined
a too large value for the LO frequency in the model underfrom Raman spectra by fitting a line-shape model based on a
estimates the plasma density because it reduces the*LO- Lindhard-Mermin dielectric function that takes into account
splitting. This roughly compensates the overestimation of theénterband hole transitions as well as electron and heavy- and
plasma density due to the high damping value, and thdight-hole intraband transitions. It has been shown that to
plasma densities reported in Ref. 9 are similar to the valueebtain good fits to the experimental spectra and accurate val-
we have found for similar LQ-* splittings. ues of the photoexcited-plasma density, the hole contribution
As mentioned above, there is a wide range of reporteddannot be neglected. Two adjustable parameters, namely the
values for the energy of the LO mode of InP, ranging fromplasma density and a phenomenological electronic damping
3445 cm! (Ref. 28 to 348.5 cm ! (Ref. 29 at room  constant, are required to obtain good fits to the Raman spec-
temperature. Differences in experimental calibration shouldra. In the range of laser powers studied, it was found that the
account only for a small proportion of this dispersion of photoexcited plasma density increases almost linearly with
LO-frequency values. However, the presence of photogenethe incident laser power for both semiconducting and semi-
ated carriers in InP, even at small laser powers, can give ris@sulating InP. Photoexcited-plasma densities up ~&
to changes in the Raman spectra that explain the dispersion10’ cm™2 were found in semiconducting InP at room
of LO-mode energies found for this compound in the litera-temperature for laser powers up to 55 mW, while for the
ture. Unless the Raman measurements are performed wittame range of laser powers the plasma densities in semi-
high resolution, the peaks corresponding to the LO mode anhsulating InP were about one order of magnitude lower, due
to the photoexcited.* coupled mode cannot be resolved, to the efficient recombination of photoexcited carriers at the
and a single peak is observed in the LO-mode energy regior.e centers.
The frequency and linewidth of this peak are mainly deter-
mined by thel. * _mode, which 0\_/erlaps the actual LO mode. ACKNOWLEDGMENTS
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