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Room-temperature Raman spectroscopy was used to characterize n-type-doped Ing s;Gag 4;As and
Ing 5;Al 43As layers by observing coupled longitudinal-optical (LO) -phonon-plasmon mode spectra as a
function of carrier density. Carrier densities determined from the high-frequency L coupled mode
shift in the Raman spectra were compared to carrier densities determined from electrochemical
capacitance-voltage profiling measurements. In Ing 53Gag 4;As with carrier densities n <8X10'7 cm ™3
accurate determination of carrier densities from the Raman spectra was hindered by Landau damping
and small L, mode dispersion. Better agreement between the two techniques was observed in
Ing 53Gag 47As and Ing 5,Aly 4sAs for carrier densities of about 8 X 10'7 cm™3 and higher, doping levels at
which Landau damping is less pronounced. Surface band bending was evaluated from changes in Ra-
man intensity as a function of carrier density of dipole-allowed LO-phonon modes originating in the sur-
face space-charge region. Values for the surface built-in potential determined from the Raman spectra
were found to be smaller than those obtained from electrical measurements. The discrepancy is attribut-
ed to screening of the surface dipole by photogenerated carriers.
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I. INTRODUCTION

In,Ga,_,As and In Al,_ As layers are both utilized
in the fabrication of high-frequency electronic and long-
wavelength photonic devices. The growth of doped lay-
ers is a frequent requirement in the production of such
devices. It is therefore necessary to characterize the elec-
trical and optical properties of these layers in order to op-
timize device performance. Unfortunately, it is often
difficult to fabricate suitable Schottky contacts for
capacitance-voltage (CV) measurements on highly doped
III-V semiconductors,! making the optical measurement
of electrical properties in such materials an attractive al-
ternative. Further, unlike classical electrical measure-
ments, optical techniques can be used as in situ, nondes-
tructive, spatially resolved probes of a variety of semicon-
ductor device fabrication steps.? Consequently, there is a
large impetus for the development of optical probes. Ra-
man spectroscopy is a nondestructive, noncontact tech-
nique with the potential for micron spatial resolution,
which can be used to study a number of semiconductor
material properties. Of particular relevance to this inves-
tigation, Raman spectroscopy has been used with success
to determine carrier densities and surface band bending
in III-V semiconductors, including GaAs, GaP,
Al,Ga,_,As, and InP.3"* However, little has been re-
ported of the electronic properties of doped In,Ga,_, As
and In Al ,_ As layers. Given the importance of the
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In,Ga,_,As/In, Al,_, As material system in the fabrica-
tion of high-performance electronic and photonic devices,
it is very desirable to understand how the light-scattering
properties of these materials are related to carrier dynam-
ic properties.

In this investigation, room-temperature Raman spec-
troscopy was used to characterize n-type-doped
Ing 53Gag 47As and Ing 5,Alg 43As layers. Coupled LO-
phonon-plasmon-mode spectra were observed as a func-
tion of carrier density. Coupled-mode frequencies were
calculated as a function of carrier density using a Drude
form of the semiconductor phonon-plasmon dielectric
function, including finite wave-vector corrections, but ig-
noring Landau damping. The carrier densities obtained
from the L , mode frequency in the Raman spectra were
then compared to those obtained from electrochemical
CV profiling measurements. In addition, surface band
bending was evaluated from changes in intensity as a
function of carrier density of the dipole-allowed LO-
phonon modes originating in the surface space-charge re-
gion (SCR).

II. EXPERIMENT

A. Material preparation

All material was grown lattice matched to an Fe-doped
(100) InP substrate. Ing 53Gag 4;As (subsequently referred
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to as In,Ga,_,As) layers were grown by metal-organic
chemical-vapor deposition (MOCVD). Nominally un-
doped material (n <10'S cm ™) consisted of a 3000-A ep-
itaxial In,Ga,_, As layer and n-type-doped material con-
sisted of 1 um of Si-doped In,Ga,;_, As. Carrier densi-
ties were determined by electrochemical CV profiling to
be 2% 10'7, 8% 10", and 3.5X 10" cm™? in the three in-
tentionally doped samples studied. In subsequent discus-
sion carrier densities determined from electrochemical
CV profiling are denoted ncy to distinguish them from
those determined from the L, mode frequency in the
Raman spectra, which are denoted ngig. Nominally un-
doped Ings,Alj 4As (subsequently referred to as
In,Al;_,As) layers (n <10 cm™3) were grown by
molecular-beam  epitaxy and  consisted of a
9000-A layer buffered from the substrate by an
In,Ga,_,As/In, Al,_, As superlattice and another 500-
A layer of In, Al, _, As. Intentionally doped In, Al, _, As
consisted of an MOCVD-grown 1-um layer of Si-doped
In, Al, _ As with ncy =2X10"® cm .

B. Spectroscopic measurements

All Raman spectra were recorded at room temperature
in a near-backscattering geometry using a Spex 1877 Tri-
plemate spectrograph with a Photometrics Series 200
charge-coupled device camera system. A Coherent Inno-
va 90-6 Ar™ laser was used to illuminate samples with ei-
ther 488- or 514.5-nm radiation. 488-nm excitation is
near-resonant with the [E,; critical point in
In, 53Ga, 4;As, * but nonresonant for Ing 5,Al 45As.'*"
514.5-nm excitation is nonresonant for both materials.
All Raman spectra were recorded with an irradiance of
~270 W/cm?. A cylindrical lens arrangement was em-
ployed to obtain a line focus and thereby minimize the
effects in the spectra of sample inhomogeneities and pho-
togenerated carriers. In this investigation the notations
x, y,z,x',y', and Z denote [100], [010], [001], [110], [110],
and [001], respectively.

III. FREQUENCY DISPERSION CALCULATIONS

A careful evaluation of carrier density measurements
by inelastic light-scattering techniques depends critically
on accurate frequency dispersion information. In this
work we have calculated dispersion with carrier density
for both Inj 53Gag 47As and Ing s5,Alj 43As in the manner
described below. If phonon and plasmon damping is
weak, then the coupled-mode frequencies w are given by
the zeros of the real part of the dielectric function of the
phonon-plasmon system.'? The dielectric function
e(gq,») for a ternary material can be expressed in the
Drude form as'! !
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where €, is the semiconductor high-frequency dielectric
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constant, 4mp; is the oscillator strength of the respective
binary component, each of which is denoted by i (i=1,2);
or1o. is the TO-phonon frequency, y; is the phonon
damping constant, I" is the plasmon damping constant,
and vy is the Fermi velocity given by

#
UVp= *—*kp , (2)
m
where # is Planck’s constant, m* is the free-electron
concentration-dependent electron effective mass, and k.
is the Fermi wave vector defined as!?

kp=V3mn , (3)

where n is the free-electron density. The g-dependent
plasma frequency w,(q) is given by'?

wplg)=wp+ig™} , (4)
where o, is the plasma frequency and can be expressed
as!8

4 2
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The wave-vector-dependent term in Eq. (1) is an exten-
sion of the Drude form of the dielectric function to ac-
count for the spatial dispersion of the plasmon mode, and
is developed using the hydrodynamical theory. 1 This
approximation is valid when o >qup and g <ky.'? The
mode oscillator strengths in Eq. (1) can be calculated

from the following relationships:* '®
47p,
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where @10, and wyo, are the LO-phonon frequencies of

the respective binary component.

In the determination of the GaAs conduction-band
effective mass, the effects of conduction-band nonparabol-
icity must be considered at free-carrier concentrations of
~10'® cm~? and larger.?® The same is true of other bulk
III-V semiconductors.?! For this investigation, correc-
tions to the electron effective mass for conduction-band
nonparabolicity were made in the manner of Raymond,
Robert, and Bernard,®° using a three-band model, which
includes the lowest-lying conduction band and the two
higzgest-lying valence bands. The model is represented
by
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where m§ is the electron effective mass at the bottom of
the conduction band, and ¢ is given by
(#*

¢=(3#)2/3ﬁn2” . )
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IV. RESULTS AND DISCUSSION
A. Ing 53Gag 47As

Figure 1 shows the Raman spectra of In,Ga,_,As asa
function of doping density excited with 514.5-nm radia-
tion in the z(x,y)Z geometry. Under the g=0 approxima-
tion, only deformation-potential and electro-optic (inter-
band Frohlich) LO-phonon scattering is allowed in the
backscattering configuration from the (100) surface of a
zinc-blende crystal.?> This results in the observation of

(a) GaAs-like LO Phonon

InAs-like LO Phonon
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FIG. 1. The Raman spectra of In,Ga,_,As as a function of
doping density excited with 514.5-nm radiation in the z(x,y)z
geometry. (a), (b), (c), and (d) show the spectra of the nominally
undoped ncy =2X 10", 8X 10", and 3.5X 10'® cm~? layers, re-
spectively. All spectra are shown on the same intensity scale.
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two LO-phonon modes for ternary crystals which exhibit
two-mode behavior, such as Inj 53Gag 47As (Refs. 23 and
24) and Ing 5,Al; 43As.2 Figure 1(a) shows the spectrum
of nominally undoped In,Ga,_, As. LO-phonon modes
corresponding to an InAs-like LO-phonon mode and a
GaAs-like LO-phonon mode are observed at 233.6 and
269.5 cm ™, respectively. In addition, a peak is observed
at 245 cm~ ! which is attributed to an alloy disorder
mode and denoted R* after the notation of Estrera
et al.?® Also seen are second-order modes denoted by 20.
Figures 1(b), 1(c), and 1(d) show the spectra of the sam-
ples with carrier densities of n, =2X10'7, 8 X107, and
3.5X 10" cm 73, respectively. All of these spectra exhibit
the phonon modes observed in Fig. 1(a). In addition,
peaks attributed to coupled LO-phonon-plasmon-modes
are present. In doped polar semiconductors, the LO-
phonon modes can couple with the collective plasmon
mode. For ternary semiconductors which exhibit two-
mode behavior this results in three coupled modes,” %!
denoted L_, L,, and L,, representing the low-,
intermediate-, and high-frequency coupled modes, respec-
tively. Scattering by both unscreened LO-phonon modes
and coupled phonon-plasmon modes arises due to the
presence of a SCR. In the absence of free carriers,
scattering originating from the SCR approximates
scattering from an undoped bulk crystal. When the
penetration depth of the exciting radiation is greater than
the width of the SCR, a combination of scattering from
the unscreened LO-phonon mode (in the SCR) and the
coupled modes (from the underlying region where free
carriers are still present) is observed.

No scattering attributed to the L _ modes is identified
in the spectra of any of the doped samples. Nash, Skol-
nick, and Bass?® have reported that the electron-phonon
coupling is weaker for the InAs-like LO phonon than the
GaAs-like LO phonon, which could contribute to the ab-
sence of the L _ peak. An examination of the coupled-
mode dispersions suggests additional possible explana-
tions. The calculated and measured coupled-mode fre-
quencies are summarized in Table I and are displayed in
Fig. 2 along with the calculated dispersion as a function
of carrier density (solid lines) for In,;Gag 47As. Also
shown are the phonon frequencies (dotted lines), »,(q)
(dashed line), and the boundary of the single-particle ex-
citation (SPE) continuum, wgpp, (dashed-dotted line),
which will be discussed subsequently. The measured
coupled-mode frequencies for doped In,Ga,_,As with
2X10"7 cm™3<ncy £3.5X10'® cm ™2 are also displayed.
TO-phonon frequencies of w10, =225 em™! and

w10,=255 cm™!, as determined from the In,Ga,_,As

phonon dispersion reported by Estrera et al.? were used,
and values of ¢,=11.61, E,=0.75 eV," ‘and
m@§ /m,=0.041,2! where m, is the rest mass of an elec-
tron, were also employed. A value of 4.45 for the real in-
dex of refraction (514.5-nm excitation) (Ref. 28) was used
to calculate ¢ =1.09X 106 cm ™!,

It is clear from Fig. 2 and Table I that the experimen-
tal and calculated values of the coupled-mode frequencies
are not always in strong agreement. There are a number
of potential limitations of Raman-scattering measure-
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TABLE 1. Measured and calculated coupled phonon-plasmon mode frequencies for n-type

In,Ga,_, As.

Measured coupled-mode Calculated coupled-mode
ney ngs frequency (cm™!) frequency (cm™')

(107 ecm™®) (10" em™)  L_ L, L. L_ L, L,
2.0£1.0 0.35 ~270 ~290 224 251 382
8.0+4.0 8.50 261.3 554 228 257 569

35.0£17.5 12.00 258.7 644 227 256 773

ments which could contribute to this discrepancy. The
determination of ngig is based upon the relationship of
the coupled-mode frequencies to the free-carrier density
via the plasmon-mode dispersion. Obviously, obtaining
an accurate value of nyg depends on accurately modeling
the plasmon dispersion and plasmon-phonon interactions.
Relatively simple models have been used to generate the
coupled-mode dispersions. Some characteristics of these
models which could contribute to the discrepancies be-
tween the calculated and measured mode frequencies in-
clude the neglect of finite temperature in the calculations
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FIG. 2. The calculated coupled-mode frequencies in

In,Ga,_,As as a function of carrier density ( ). Also
shown are the phonon frequencies (- - - -), w,(q) (—— —),
wspg (—-—-—-), and the coupled-mode frequencies determined
from the Raman spectra for In,Ga,_,As with ncy =2X10"
em ™3 (A), 8% 107 cm ™3 (), and 3.5X 10" cm ™3 (0).

of the coupled-mode frequencies and the use of only the
lowest-lying conduction band in the model describing the
carrier density dependence of the electron effective mass.
In addition, to simplify the coupled-mode calculations,
plasmon and phonon damping, e.g., due to alloy disorder,
were neglected. This was justified because good agree-
ment has been reported between experimental and calcu-
lated coupled-mode frequencies for Al ,Ga,_, As.®!!
Presumably, similar contributions to phonon and
plasmon damping, in particular those due to alloy disor-
der, would occur in In,Ga;_,As, In Al,_,As, and
Al ,Ga,_,As. An effect which cannot be treated with the
models employed here is Landau damping of the plasma,
i.e., limitation of the lifetime of the collective plasma ex-
citations due to decay into single-particle excitations.
Hence, when o is within the frequency limits of the SPE
continuum, the hydrodynamical model can be a poor
description of the dielectric function.!? The boundaries
of the SPE continuum are given by*

Ogpp= P q’tqug . (10)
The dispersion of the SPE continuum in Fig. 2 indicates
that Landau damping should be considered for
In,Ga,_,As, particularly for the L, and L_ modes
whose frequencies lie within the SPE continuum. For
this reason, the difference in ncy and ngg for the epilayer
with noy =2X 107 cm ™3 is attributed to Landau damp-
ing. Landau damping could also contribute to the ab-
sence of the L _ modes and the L, mode in Fig. 1(b). On
the other hand, the absence of the L _ modes also could
be due to the small frequency split between the InAs-like
TO- and LO-phonon modes, which makes it difficult to
resolve a third mode of intermediate frequency. This
type of argument could also contribute to the absence of
the L, mode in Fig. 1(b). The proximity of L, to the
InAs-like LO phonon, the R * mode, and the GaAs-like
TO phonon makes resolution of the L, mode difficult.
Based on the simple model of the SPE continuum
presented, it is expected that Landau damping should
have a smaller effect on layers with higher carrier densi-
ties. Therefore, in the absence of other effects, ncy and
ngs should be in better agreement for samples with
higher doping levels. Indeed, for values of ncy =8 X 10"
and 3.5X10'® ¢cm™? the CV and Raman-scattering mea-
surements agree reasonably well, given the large uncer-
tainty associated with the CV measurement. The uncer-
tainty associated with these CV measurements was es-
timated to be 50%; however, a factor of 2 error is possi-
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ble in some cases. In addition to uncertainties associated
with the CV measurements, discrepancies between ncy
and ngg could arise due to the limited probe depth of the
Raman-scattering measurement. For 514.5-nm excita-
tion the optical probe depth in crystalline In, 53Gag 47As
is ~1/a=445 A,8 with a corresponding Raman escape
depth of 1/2a=223 A. The first point probed by these
CV measurements ranges from ~200-2000 A from the
surface for the highest to the lowest doping levels, respec-
tively. Hence, even for the epilayers with the highest
doping levels, the region probed by the first point of the
CV profiling measurement is as deep or deeper than the
whole region probed by the Raman-scattering measure-
ment. Therefore, while the CV measurements are
influenced by diffusion of carriers originating in the re-
gion of the crystal probed by the Raman-scattering mea-
surements, these two measurements are, in effect, probing
different regions of the crystal (for the conductions, i.e.,
excitation wavelength, of this investigation). It is well es-
tablished that unintentional hydrogen passivation of
dopants can occur in III-V semiconductors as a result of
a variety of processing steps including vapor-phase epi-
taxy, 2 although to our knowledge no such passivation of
Si-doped In,Ga,_, As has been reported. This type of
effect could lead to a gradient in the carrier density at the
surface with the effect being that the Raman-scattering
measurements were probing a region of the crystal with a
carrier density lower than that of the bulk. Obviously,
the presence of this effect could be verified quite simply
by exciting Raman scattering with longer-wavelength ra-
diation which has a correspondingly deeper probe depth.

While it is clear that the coupled-mode spectra are
determined by a complex interaction of a number of fac-
tors, the following conclusions can be drawn. (1) The ab-
sence of the L _ mode is attributed to Landau damping
and/or weak electron—InAs-like-LO-phonon coupling.
(2) The discrepancy between the observed and calculated
L, mode frequencies for all samples and the L , mode
frequency for In,Ga,_,As with ncy=2X10"7 cm™3 is
due to Landau damping. (3) Landau damping has less
effect on the L ;, mode frequencies for In,Ga,_, As with
ncy =8X%10'7 and 3.5X10'® cm 2 and, consequently, the
agreement between ny and ngg is better.

The SCR width W, can be investigated through a de-
tailed examination of the relative intensities of the un-
screened LO-phonon modes. For this investigation the
GaAs-like LO-phonon mode was used, since it was the
most intense peak in the spectrum. The GaAs-like LO-
phonon intensity was normalized to the R * mode intensi-
ty, since R * is related to alloy disorder and should not be
affected by the magnitude of the surface SCR. The Ra-
man intensity of the unscreened LO-phonon scattering
originating in the surface SCR, I, is given by>

Iio=I%(1—e "5y, (11)
where I, is the total LO-phonon mode intensity for a
crystal with no SCR, and a is the absorption coefficient
of the incident radiation. The SCR width of a one-sided
abrupt junction (assuming a carrier distribution tail rath-
er than a step distribution) can be expressed as>°
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where €, is the semiconductor static dielectric constant,
€p is the permittivity of free space, V; the built-in poten-
tial, kz T /e is the thermal voltage, kp is the Boltzmann
constant, and T is the absolute temperature.

Figure 3 shows the measured LO-phonon intensities
normalized to the appropriate R* mode intensity from
the spectra of the intentionally doped In,Ga,_, As lay-
ers. For the ncy=2X10"7-cm™3 In,Ga,_, As sample,
ncy was used in determining both points. Also shown is
the calculated LO-phonon intensity as a function of car-
rier density using the measured value of I, from the
spectrum of nominally undoped In,Ga,_, As and a value
of W, calculated from Eq. (12). Values of a=2.249X10°
cm ™! (514.5-nm excitation) (Ref. 28) and £,,=13.94 (Ref.
27) were used for these calculations. A value of
Vg =0.07 V produces the dashed curve. Morkog, Drum-
mond, and Stanchak®' reported Vg =0.3 V at 78 K for
Au Schottky dots on n-type Ings3;GaggsAs (n=10"
cm™?), which corresponds to Vg ~0.28 V at room tem-
perature. The fact that the Vp; value determined from
the Raman-scattering measurement is smaller than those
reported from CV measurements is attributed to photo-
generated carriers. The effects of the incident photon
flux, particularly screening of the surface dipole by pho-
togenerated carriers, is an important consideration when
evaluating band bending from Raman spectra.® Screen-
ing of the surface dipole leads to a value of Vyp;, deter-
mined from Raman measurements, which is somewhat
smaller than the value obtained in the dark. Notably,
however, the fact that scattering by unscreened phonon
modes is observed indicates that a SCR still exists.

304
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FIG. 3. The measured intensity ratios of LO phonons nor-
malized to the respective R * mode for the intentionally doped
In,Ga,_, As layers as a function of n.y (@) and ngs (A). Also
shown is the calculated LO-phonon intensity as a function of
carrier density (— — —) using the measured value of I?, from
the spectrum of nominally undoped In, Ga,_, As and a value of
W; calculated from Eq. (12) with V5;=0.07 V.
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B. Ino_ 52Alo_ 43AS

Figure 4 shows the Raman spectra of n ~-In, Al;_, As
and n*-In,Al;_ As (ncy =2X 10" cm™3) excited with
488-nm radiation in the z(x,y)z geometry. The inset
shows the spectrum on an expanded intensity scale. The
InAs-like and AlAs-like LO-phonon modes are observed
at oo =233.4 cm™' and o, =365.6 cm ™', respective-

ly. The low-frequency asymmetric broadening of the
AlAs-like LO-phonon mode has been observed in
Al,Ga,_,As spectra and is due to a disorder-induced in-
crease in the range of phonon wave vectors participating
in Raman scattering.’? Despite the similarities, these
spectra exhibit important differences attributed to
electron-phonon coupling, including (1) a broad peak
identified as the L , mode, which is observed at ~475
cm ™! in the n *-In Al,_, As spectrum; and (2) an asym-
metric low-frequency broadening of the InAs-like mode
observed in the n *-In, Al, _ As spectrum relative to that
of the n ~-In, Al, _, As spectrum resulting from L _ mode
scattering.

Figure 5 shows the Raman spectra of n ~-In,Al,_, As
and n *-In, Al,_, As excited with 488-nm radiation in the
z(x,x)Z geometry. In this geometry, impurity-induced
LO-phonon scattering can be observed in addition to oth-
er forbidden extrinsic mechanisms and intrinsic mecha-
nisms, 3* although scattering due to many of these mecha-
nisms is difficult to observe without resonant excitation.
The DALA peak ascribed to disorder-activated
longitudinal-acoustic-phonon scattering has been previ-
ously identified in In,Al,_,As.? The peaks labeled
“disorder-induced” are attributed to scattering associated
with the LO-phonon modes due to alloy-disorder-induced
lowering of the crystal symmetry. In particular, the
broad asymmetric peak at ~360 cm™! corresponds to
the low shift shoulder on the AlAs-like LO phonon in the
spectrum recorded in the z(x,y)z geometry. Although
leakage from the dipole-allowed scattering probably con-
tributes, if leakage from the dipole-allowed scattering
were the primary mechanism a bigger difference in
scattering intensities would be observed. It is clear that
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FIG. 4. The Raman spectra of n "-In,Al,_,As and n*-
In, Al;_,As in the z(x,y)Z geometry. The inset shows the spec-
trum on an expanded intensity scale.
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the presence of the dopant does not result in a measur-
able difference in these spectra. Although it is possible
that the dipole-allowed LO-phonon modes are more sen-
sitive to crystal perturbation than the peaks in the
z(x,x)Z geometry, it is reasonable to assign the broaden-
ing of the InAs-like LO-phonon mode in the n™-
In,Al,_,As spectrum to L_ mode scattering, rather
than dopant-induced disorder effects. It is not known
why L _ mode scattering is observed, and L, mode
scattering is not in n *-In, Al,_, As spectrum, while the
opposite is the case for the n-type In, Ga,_, As spectra.
However, the large phonon character of the L, mode
coupled with the relatively low scattering efficiency of the
AlAs-like LO-phonon mode probably contributes to its
absence.

Figure 6 shows the Ing s,Alj 43As coupled-mode fre-
quencies as a function of carrier density (solid lines)
determined by setting Eq. (1) equal to zero. Again, an n-
dependent electron effective mass corrected for
conduction-band nonparabolicity was employed. For
these calculations values of E;=1.45 eV (Ref. 17) and
my /m,=0.075 (Ref. 34) were used. ¢,=10.29 was
determined from the €, values for InAs and AlAs (Ref.
35) through a linear interpolation method as described in
Ref. 36. No peaks attributed to the TO-phonon modes
were observed in these spectra, so the wyg values were
approximated in the following manner. In Al Ga,_,As
the LO-phonon frequencies and TO-phonon frequencies
of the respective two-mode components converge as the
composition is varied from one to the other binary con-
stituent.’” Assuming that this is also the case with
In,_, Al As, the In Al, _, As LO-phonon dispersion as a
function of Al composition was obtained from the work
of Emera et al.? The LO- and TO-phonon frequencies
of the respective binary constituents were obtained from
Ref. 35. The dispersion of the TO-phonon frequencies as
a function of composition was then determined, and the
LO-TO-phonon splitting for In, Al,_,As was obtained.
This frequency splitting was then used to estimate the
TO-phonon frequency in the material utilized in this
work from the measured LO-phonon frequencies. Values
of o =222 cm™' and wyo,=345.6 cm™' were deter-
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/
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disorder-induced

Raman Intensity (Arb. Units)
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I I I I I
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FIG. 5. The Raman spectra of n -In,Al,_,As and n~-
In, Al,_, As in the z (x,x)Z geometry.
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FIG. 6. The calculated coupled-mode frequencies of
In,Al,_,As as a function of carrier density ( ). Also
shown are the phonon frequencies (- - - .), w,(q) (— — —),
wgpg (—+—-—- ), and the coupled-mode frequencies determined

from the Raman spectrum of n*-In,Al,_,As and using
ncy=2X10%cm™3(0).

mined by this method. A value of 4.08 for the real index
of refraction (488-nm excitation) (Ref. 38) was used to
calculate g =1.05X 106 cm™!.

Figure 6 shows that for noy =2X10"® cm™3 the L_
and L, mode frequencies are located very near the
respective TO-phonon frequencies. This is consistent
with the assignment of the low-frequency scattering asso-
ciated with the InAs-like LO phonon to the L _ mode.
As was the case in In, Ga,;_, As, the measured L ;, mode
frequency is in reasonable agreement with the mode fre-
quency calculated using 7oy =2X 10" cm ™3, given the
large uncertainty of the CV measurement. The measured
L, 3mode frequency corresponds to ngg=1.1X10'®
cm”°.

Again, the magnitude of Wy and, therefore, Vy;, can
be estimated from the relative intensities of the un-
screened LO-phonon modes in the spectra of n ™ -
In, Al,_,As and n *-In Al,_,As (cf. Fig. 4). Since the
InAs-like LO-phonon mode was the most intense in the
spectra, it was used for the determination of Wg. The
InAs-like LO-phonon mode was normalized to the
D AL A mode intensity, since the D AL A mode is disorder
related and not dependent on the magnitude of the SCR.
From the spectra in Fig. 4, a value of W =200 A, which
corresponds to a value of Vg =0.35 V (using ngig) was
determined for the nt-In,Al,_,As layer. A value of
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a=2.16X10° cm~! (488-nm excitation) (Ref. 35) was
used for this calculation. e,=12.42 was determined
from the €, values for InAs and AlAs (Ref. 35) through a
linear interpolation method as described in Ref. 36.
Sadwick et al.>® have reported values of Vg =0.49-0.65
V for various Schottky contacts on Ings;Alg 43As
(n=2.35-2.6X10' cm™3), which is in reasonable agree-
ment with the Vy; values determined from the Raman
spectra. Again, the fact that the Vy; value determined
from the Raman measurement is somewhat smaller than
those reported from CV measurements is attributed to
the effects of photogenerated carriers.

V. CONCLUSIONS

The coupled phonon-plasmon modes in n-type-doped
Ing 53Gag 47As and Ing 5,Alj 43As layers were examined as
a function of carrier density using Raman spectroscopy.
Carrier densities determined from the L , mode frequen-
cy in the Raman spectra were compared to the carrier
densities determined from electrochemical CV profiling
measurements. It was demonstrated that carrier densities
could be obtained from the Raman spectra with an accu-
racy comparable to electrochemical CV profiling for crys-
tals with doping levels of n >8X10!" cm ™3, where the
effects of Landau damping are relatively small. For crys-
tals with n <8X10!7 cm™3, accurate determination of
carrier densities from the Raman spectra was hindered by
Landau damping and small L ; mode dispersion. Poten-
tially, one could improve the accuracy of the Raman-
scattering determination of doping density for crystals
with lower doping levels by exciting scattering with
longer-wavelength radiation. First, longer-wavelength
radiation has a smaller value of ¢ and, therefore, at a
given coupled-mode frequency the effects of Landau
damping would be less significant. Second, the greater
penetration depth associated with longer-wavelength ra-
diation would result in more scattering originating from
beneath the SCR. From the changes in unscreened
dipole-allowed LO-phonon intensities as a function of
carrier density, the built-in potentials of Ingys3Gag 47AS
were determined to be 0.07 and 0.35 V, respectively.
These numbers are smaller than values obtained from
C 2 vs V data due to the effects of photogenerated car-
riers on the Raman spectra.
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