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The optical properties op-type ALGa_As (x=0, 0.01, and 0.16epitaxial films with different
beryllium and carbon doping concentratiofi0'®—10'° cm3) were investigated by far-infrared
reflectance spectroscopy in the 1.5—15-THz frequency range. The dielectric response functions of
the film samples were expressed using the classical Lorentz—Drude model. Optical properties were
obtained using a three-phase modelr/film/substratg which agrees with the experimental
reflectance spectral data. The effects of doping concentrations on the optical constants were studied
in detail. The results indicate that the refractive index increases with the doping concentration in the
low-frequency regior(<5 THz) where the free-carrier absorption plays an important role in the
optical response. However, the extinction coefficient increases with the doping concentration in the
entire frequency region. This indicates that the absorption coefficient increases with the doping
concentration. The calculated plasma frequencies agree with the values obtained from the measured
doping concentrations. The free-carrier scattering time 1s39x 1014 s. The longitudinal-optical
phonon plasmon coupled modes of the@d _,As films are presented. The upper coupled mode
increases with the doping concentration and shows a transition from phononlike to plasmonlike
behavior. A sublinear relationship between the absorption coefficient and the doping concentration
for p-type AlLGa,_As epitaxial films was obtained at a frequency of 3.75 Ti8@ um). These

results can be used to design and improve the performance of terahertz dete@665 American
Institute of Physic§ DOI: 10.1063/1.1894581

I. INTRODUCTION up to 2x 10" cm™ can be reasonably described with the
Drude model as suggested by Huggatdall.8 It was shown

In recent years, with the breakthroughs in Ill-V epitaxial recently that the Drude model is valid for the silicon layers
growth techniques, GaAs and ,&8a,_,As thin films have with carrier concentrations up t0>310° cm3.° This work
found wide applications in optoelectronic devices. One of theill focus on the reasonability of the Drude model for
important applications of the £6a,,As films is in terahertz  heavily doped AlGa,_,As films. The optical constanis.e.,
detectors(i.e., far-infrared detectors: 1 THz=3Qm)."™  the refractive index and extinction coefficigmf semicon-
High-performance heterojunction and homojunction interfaductor materials are important in the device design and
cial work-function internal photoemissiofHEIWIP and  analysis. It is also of scientific interest to obtain the analyti-
HIWIP) terahertz detectors have stimulated further interesga| expression for the optical response of semicondudfors.
on the terahertz optical properties of the @& _,As films.  The optical constants of ABa,_,As materials have been re-
The detection mechanism of HEIWIP and HIWIP terahertzported previously for intrinsic and/ar-type bulk materials
detectors involves free-carrier absorption in the heavilyand films with Al fractionx greater than 0.20 beyond the
doped emitter layers, followed by the internal photoemissiors-THz frequency* The absorption of the terahertz detectors
of photoexcited carriers across the junction barrier and the@epends not only on the absorption coefficiéhtrough the
collection by the contact. Therefore, the free-carrier absorpextinction coefficient but also on the refractive index.
tion studies can be used to improve HEIWIP and HIWIPTherefore, the optical constants are important for calculating
performances in the terahertz frequency region. the FIR absorption of the terahertz detecfofhis makes it

The far-infrared(FIR) or the terahertz measurements onimportant to study the optical constants of materials in the
materials are of great importance due to the phonon frepwer-frequency region, where the reststrahlen absorption
que_nc¥7and optical constants that can be found in thand is absent and the free-carrier effects become dominant.
region.”” The terahertz optical properties of the, 8k _,As The longitudinal-optical phonon plasmébPP)-coupled
film materials are interesting since the free-carrier abSOfptiOlfhodeS can be directly studied using infrared reflectance
plays an important role in the detector applications. The freespectral_Z Although there are some reports on the LPP-
carrier optical properties of GaAs with carrier concentrationscoumed modes op-type ALGa_As fims using Raman
scatteringl,g'14 the LPP-coupled modes were not well ana-
¥Electronic mail: uperera@gsu.edu lyzed for the high hole concentrations in the infrared reflec-
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mode has not been observed in Raman scattering-fgpe Ci= ()
GaAs materials due to a higher damping constant, higher
hole effective mass, and lower hole mobiltly*’ Therefore, where\ is the incident wavelengttd is the film thickness,

the infrared reflectance spectra could be a suitable tool tand Ci is the interface matrix between film and substrate

tance spectral measuremehtsThe upper LPP-coupled {exp(inrﬁfd/A) 0 }
0 exp(—i2mnd/n) |’

study the LPP-coupled modes fp#type ALGa _,As films. ~ ~
Here, the optical properties gf-type ALGa_As (X fszi{ms+nf) (ﬁs_nf)], (4)
=0-0.16 epitaxial films with different berylliumBe) and Zng| (Rs=1y)  (Ns+1y)
carbon(C) doping concentrations are reported gsing FIR "+he reflectance can be readily obtained from
flectance spectroscopy. The effects of the doping concentra-
tion on the optical constants and LPP-coupled modes were Cioa 2
investigated. " | Crs )

For doped semiconductor materials, the terahertz dielec-
tric response functions are expressed by a multioscillator for
the optical phonons and the Drude model for free carrier or

Two sets ofp-type ALGa,_As film samples were grown plasma response. The dielectric functigree,+ie,) of the
by molecular-beam epitax§MBE) at a growth temperature AlxGaiAs films is written as

Il. EXPERIMENT DETAILS

of 550 °C. The first set of four samples wasuin-thick e w2 2 S.0?
Be-doped epitaxial AGa,_,As (x=0.01 and 0.1 films e(w)= e, - - P4 5 Tzo‘k_ . (6)
grown on a 520Qum-thick semi-insulating GaA%00) sub- o(@+iy) 5 oo~ 0 —iol

strate. Three of them were £4,G s films with dopin . . . . :
concentrations of 3.8 108 4@; fooffand 71X 1018 cr?1‘3g Here, e.. is the high-frequency dielectric constaat, is the
respectively. The other was MG gAs film doped to plasma frequencyy is the free-carrier damping constgne-

4.7x 10" cnr3. The second set of samples was C-doped@t€d 10 the scattering time by=1/2mCy), wro is the
280-nm-thick GaAs epitaxial films with doping concentra- transverse-opticdlTO) phonon frequencys is the TO pho-

tions of 1.3x 101°, 2.4x 10, and 4.7x 10 cmi3 grown on non strengthl’y is the damping parameter of the TO phonon,

a 350um-thick semi-insulating GaAs substrate. The Al frac- and w is the frequency 9f the .|nC|dent ,I'ght' The* plasma
tion, and the Be- and C-doping concentrations of the sampleféeq_uencywp of fr_ee carriers with eﬁectlve_ massy a_nd
were analyzed by secondary-ion-mass spectron{&iy1S). carrier concentrationy, is given by the following equation:
Carbon was used as a dopant since it allows a high level of N

doping compared to beryllium. The FIR reflectance spectra  w,= <. (7)

of the samples were recorded using a Perkin—Elmer system oM

2000 Fourier transform infrare@FTIR) spectrometer in the
frequency region of 1.5-15 THZi.e., 200—20um or
50-500 cmi!) at room temperature. These measurement
(near normal incidencé€< 10°) were done with a resolution
of 4 cni™. The illuminated area on the epilayers was abou
4 mm in diameter.

Here,e is the electron charge, is the vacuum permittivity.
Only the np/m* ratio is determined from the plasma fre-
auency. It is noted that a single-Lorentz oscillator is used for
the AlLGa_As (x<0.01) films because the GaAs-like TO
[phonon was observed while the AlAs-like TO phonon was
very weak in the measured terahertz frequency region. How-
ever, two Lorentz oscillators must be considered for the
Al 1Ga gAs film because the GaAs-like and AlAs-like TO
. RESULTS AND DISCUSSION phonons were both visible from the experimental reflectance
A. Data analysis spectra. In modeling the experimental data, two steps were

_ i considered. First, all the parameters in Eg). were used as
The reflectance of the single film on the substrate can bgge parameters and determined using a least-square fitting

calculated by Snell’s law and Maxwell’s equations consider—program_ It was found that the GaAs-likabout 268 crit)
ing the film to be isotropi¢’ The matrix method is used 5.4 AlAs-like (about 358 cri) TO phonons for all the
since it enables easy calculation of reflectance for an arbiAIXGal_ As films had almost the same frequency as the val-
trary number of parallel and isotropic layers. Suppose thges reported in Refs. 19 and 20. In the second step, all the
complex refractive index of the film ig;, vacuum is unity, | grentz parameters obtained in the first step were fixed in
gnd the'substrate s, respectlvely. The resultant matrt order to reduce the model parameter correlation, and only the
is described by the following product form: Drude parameteréw, and ) were calculated. It is reason-
C, =C,CCss. (1) able that the TO phonon fr_equency is ne_arly the same in all
) i i  samples because the doping concentration only slightly af-
Here,C,y is the interface matrix between vacuum and film  ects the phonon frequen&y.The reflectance spectrum for

1 {(’ﬁf +1) (- 1)} the Aly1§Gay g/As film was well reproduced using the two-

Cpt= (2)  oscillator model, as shown in Fig(c, which demonstrates
Ayl @e =1 @+ 1) the validity of the Drude model in the low-frequency region
andC; is the propagation matrix for the film for the second step in the calculations.
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e Experimental data | Doping TABLE I. The parameter values for two setspatyp_e AIXGal_X_As epitaxial
k films. The plasma frequency, and the free-carrier damping constant

= Calculated data concentration
- 3.0x10" em™® were obtained from the fitting calculations. BerylliuBe) is the dopant for
} the ALGa_As (=0.0)) films, and carbor(C) is the dopant for the GaAs

[ films. The 90% confidence limit are given witkt).

Al _Ga_ _As . .
_M“___J\'—_Mi i Doping Concentration  w, v
Samples N, (X108 cm®) (em™) (cm™

1} 4

‘”’“"‘b_—J\-——-li: Alg.01Gay gAS 3.0 279+4  367+17 159
@) i 20 Al 0,Ga oAS 47 331+3  339+10  1.34
0

Reflectance
A2

3 6 5 12 15 Alg1Gay gAs 4.7 3646 37318  1.60
Frequency (THz) Alg.0:Gay gAS 7.1 392+2 37748 117
GaAs 13 572+10 547+27 153
_________ o ——— Soping GaAs 24 658+7  398+13  1.05
[—— Calculated data concentration GaAs 47 832+13 341+17  0.90
8 ats . Fig. 1. Nq mathematical smoothing ha; been performed on
2 | 2.4x10" cm the experimental data. The agreement improves as the dop-
4 ing concentration increases. The multiple reflections in the
1L substrate were not considered in the calculations. The GaAs-
}.-_-‘_,..,...____J\’___4-_7X_w:°_cgi like TO phonon was observed near 8.1 THe., 268 cm?)
0 b . . . ‘ for all epilayers. The AlAs-like TO phonon was clearly vis-
3 6 9 12 15 ible near 10.7 THz(i.e., 358 cm?) for the Aly,Ga,gAS
Frequency (THz) film, as shown in Fig. ). There are some interference
’ ' ’ , ' peaks in the low-frequencglong wavelength region since
| e Experimental data 4.7x10" cm™ the substrate is polished on both sides. In the low-frequency
Calculated data re gi on
(=<5 TH2), the reflectance shows a slowly increasing trend
§ I with decreasing frequency. Generally, the free-carrier behav-
8 ior plays an important role beyond the TO phonon frequency
%1' ] region. This implies that the Drude model can reasonably
& explain the absorption of the heavily doped,®@& _,As
films.
The Drude parameter values used in the calculations are
listed in Table I. The plasma frequen@yorrespondingly the

free-carrier concentratignncreases with the doping concen-
Frequency (THz) tration. Note that the doping concentration of the
; i 8 ~ny3
FIG. 1. Measureddotted line$ and calculatedsolid lineg terahertz reflec- A|0.01639_99AS and Ab-l5Gq)-84As fllms IS 47>< 10" cm
tance spectra ofa) Aly,GasoAs films with different doping concentra- @nd their plasma frequencies are slightly different. However,
tions, (b) GaAs films with different doping concentrations, arid  the value is located between that of the samples with doping
Al,Ga_As films with different Al fractions. The arrow iric) shows the  ~gncentrations of 3.8 108 and 7.1X 108 cm™3. The dis-
AlAs-like TO phonon frequency. For clarity, each spectrum is successively id b d h ’ h .| . d
shifted by 1.5 in the vertical direction. crepancy could be due to the effects of the Al fraction an
the AlAs-like TO phonon. Based on the previous discussions,
_ the np/m* value is determined from the plasma frequency
The reflectanc&k was calculated using the three-phasegjnce the effective massi may deviate from the intrinsic
model (air/Al,Ga;,As film/GaAs substrae The interface 1 material value. Therefore, the ratio contains the effect of
layer between the film and substrate was neglected becaugg, joping concentration on the effective mass. The ratios
of its small effects. The optical constants of the GaAs subye close to unity and show a decreasing trend with the dop-
strlate were a]\(lso calculated ‘,JS'”gh E6) with the parametelr ing concentration. This indicates that the hole concentration
values in Re.. 17. By ad;ustmg the Drude paramgter vValuey i agreement with the doping concentration and the hole
of Eq. (6) to fit the experimental spectra to j[hepretllcal SPEC-offective mass increases with the doping concentrafigior
ga, the_ be(zjstTpharame_terl values for t_he+_ep|taX|aI f|Im|s Wel%he GaAs films with the two highest doping concentrations,
etermined. The optical constanf8;=n+i«) were calcu- the ratios are 1.05 and 0.90, respectively. This implies that

lated from the hole concentration is almost equal to the doping concen-
Fir(w) = m ) tration and has the smallest discrepancy in the hole effective
f K ' mass. For the GaAs film with the doping concentration of

The experimentaldotted line$ and calculated spectra 4.7x 10 cm™3, this ratio (0.90) is slightly less than unity
(solid lineg for the AlLGa_As epilayers are shown in indicating that the hole effective mass is the largest for the
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FIG. 2. The variation of the refractive index for the 8k, _,As films with 3 6 9 1 5
different doping concentrations in the frequency region of 1.5—15 THz. The Frequency (THz)

upper three curves are for C-doped GaAs films and the lower three curves ] ) o
are for Be-doped AlyGa gAs films. The inset shows an enlargement of FIG. 4. The optical constants for Be-doped®&,As films with different
the 1.5-3-THz frequency region of the refractive indices. Al fractions. The doping concentration is 47.0*8 cm 3. The AlAs-like TO

phonon was observed at 10.7 THz for thg AG& gAs film.

highest doping concentration. The dependence of the hole

effective mass on the doping concentration is complicatedengths for heavily doped silicon layefsThe extinction co-
since the contributions from the heavy and light holes areefficient increases with the doping concentration in the entire
different. The Drude model considers their average effectyrequency region. As shown in Figs. 2 and 3, the optical
and a good agreement was obtained by adjusting only tw@onstants increase quickly with decreasing frequency, and
parameters. With respect to the doping concentrations up te differences between the samples become very large in the
10" cm® for the Al Ga ,As films, the present results con- |ow-frequency regiorf<5 THz). However, these differences
firm the conclusion that the deviation from the Drude mOdelare small beyond the TO phonon frequency_ The Optica| con-

increases as the doping level decredses. stants of the AlGa,_,As (x=0.01 and 0.16films with a dop-
ing concentration of 4.% 10*® cm™ are shown in Fig. 4. The

B. Effects of doping concentration refractive index and the extinction coefficient increase

on optical constants slightly with the Al fraction in the low-frequency region. It

should be noted that the AlAs-like TO phonon is neglected in

The calculated optical constantsand « are shown in ) . .
P . e(he mode for the Ay:Ga gAs films. This results in the

Figs. 2 and 3, respectively. The inset in Fig. 2 shows th )
refractive indices of the AGa,_,As films with different dop- second peak(l_O.? THZ) .Of the optical constz_ints for the
ing concentrations in the 1.5-3-THz frequency region. TheMl0.1658 87 film. It indicates that the Al fraction can also

refractive index increases with the doping concentration irfffect the terahertz optical propertieisee-carrier absorption

the low-frequency region. However, there are differences be?€havior since the doping concentration is the same. By

tween the values above and below 8.1 THz, which indicatéJSing the Kane model, Metzget al. calculated the shift of

that the TO phonon provides a large contribution to the rethe Fermi level relative to the conduction-band valley of

. . . . 4
fractive index in this frequency region. Isenberg and Warta22AS and InAs with different carrier concentratidiig. The

reported similar refractive index increasing at long wave-results indicate that the shift of the Fermi level increases
with the carrier concentration. Although the shift is not large

for the lightly doped samples, it increases quickly with

18 r T T T T . . . .
—3.0x10° em® heavily doped samples. For the epilayers with doping con-
\ Gahs -=e= 4.7x10" om® centrations of 18-10'° cm2 in this work, the theoretically
\ 18 3 . . .
T 740 Jom calculated Fermi level shifts approximately from
21 N doping ;2::2., 22\, 0.2 to 0.7 eV. This shift is large compared to the terahertz
. concentration§ 47510 om® photon energy. The Fermi-level shift can induce a redistribu-

tion of the free carriers above the conduction band if the
effective mass changes slightly for different doping concen-
trations or Al fractions. The situation becomes much more
complicated inp-type AlLGa,_,As materials since the free
holes occupy the heavy-hole and light-hole energy bands.
This energy shift is expected to affect the two band distribu-
Frequency (THz) tions and the occupying possibility of heavy and light holes
F1G. 3. The variation of the exiinct ficient for the,Bby__As fl strongly. Moreover, both the intervalence band and the free-
.o, e variation o e extinction coetricient Tor the, —AS Tiims H HY H : H
with different doping concentrations in the frequency region of 1.5—-15 THz.Carrler transition dominate the terahertz optical properties of

The upper three curves are for C-doped GaAs films, and the lower thre_Ehe ALGa - A_S films due to |OW6IT photor_l energy, contribut-
curves are for Be-doped §4;Ga oA films. ing to the optical constants. The interaction between the tera-

Extinction coefficient x
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900 (a) j . ) ] 0.230x10% e Al Ga,ps | [13110%em® | o Gars
“E g00}
L 600 * o Nominal doping /\/\
a2~ o ®  xGaAsC - 0.2 2.4x10" em® l
300F o é d 0 Alg g1GaggehsiBe J =
° A Al 15Gag geAs:Be -é 0.1 /\/I\
2.0 =
X % 7.1x10" cm’ 4.7x10" om®
@ 1.51-p-Res * % 02 !
3 * 0.1
e 1.0t x % GaAsC 1 ’ @)
= © Alpg1Gaggehs:Be 0.0
e 0.5} & Mlp 1688 geAs:Be 1 5 10 15 20 10 20 30
(b) x Huberman Frequency (THz)
00 10 10 : :
Doping concentration (cm'a) :';:ﬁ)fgﬁ:i lLPP’ (b)
0.2t~

FIG. 5. (a) Plasma frequency, and (b) scattering timer were calculated
from the experimental reflectance spectra with different doping concentra-
tions. The values from Ref. 25 are also shown. The dash line indicates the
average value of the scattering times obtained in the present work.

im {-1/¢}

hertz radiation and the free carrier may change with the free
hole distributions foip-type materials. Therefore, the dielec-
tric response to the terahertz radiation is different and the
optical constants vary with the doping concentration for the
Al,Ga _As epilayers.

5 10 15 20
Frequency (THz)

FIG. 6. Spectral density function fml/s} of (a) the ALGa_As (x
=<0.09) films and(b) Aly,Ga gAs film with different doping concentra-

C. Effects of doping concentration tions. The arrows indicate the LPP-coupled modes.

on Drude parameters

For p-type ALGaAs materials, the free carriers are Al Ga,_ As films with different Al fractions and doping con-
holes which populate two different bands, the heavy-holgentrations. These perturbations are not considered in the
and the light-hole bands, to different extentskirspace.’”  simplest Drude theord? In addition, the fluctuation of the
The Drude model considers the simplest approximation fogcattering time may be attributed to the optical model be-
the contribution to the terahertz dielectric functions of the.gyse the GaAs substrates are polished on both sides and the
plasma. From the present results, it can be concluded that thgodel neglects the multiple reflections in the substrate. The

approximation is reasonable. For clarity, the calculated refgrge hole effective mass and different dopants also may af-
sults compared with the nominal doping concentration, andect the scattering timé,

the damping constant§.e., scattering timgsare shown in

Figs. 5a) and §b), respectively. The calculated plasma fre- - .

quencies are close to the theoretical results, indicating thégéuLcl)nglt;dlgal-optlcal phonon plasmon
the calculated results can be reasonably used to obtain the pled modes
plasma frequencies. The difference may be due to the pres- The longitudinal-optical phonon plasmébPP)-coupled
ence of a near-face depletion layer, which was not considereaiodes ofp-type GaAs films have been investigated for dif-
in the three-phase model. The calculated reflectance specti@ent dopants and doping concentrations using Raman-
using a four-phase model, which contains the depletion layescattering or infrared reflectance spectfd>?The nature of

on the ALGa,_,As film layer, did not change the values listed the LPP-coupled modes in ternary alloy systems is compli-
in Table | within the confidence limits. The average free-cated as a consequence of the two-mode behavior of their
carrier scattering time for the samples is close to 1.3%one-center optical modé&.If the doping concentration is

X 107'*s. Hubermaret al. reported that the scattering time not high(<10'°® cm3), the LPP mode is close to the GaAs-
varies from 1. 101%to 1.4x 10 s as the doping con- like TO phonon frequency and the LPPode shifts from
centration increases from 2&10°0to 1.5 107°cm™3%  the AlAs-like LO to the plasmonlike when plasmon fre-
The present results are also close to those data except forqaency is beyond the AlAs-like LO frequency. On the other
p-type GaAs epilayer with the doping concentration of 1.3hand, the peak® should change from the GaAs-like LO to

% 10'° cm3, which has a lower scattering time. Note that thethe AlAs-like TO with increasing doping concentratigivote
scattering time in the Drude model is independent of frethat the GaAs-like phonon is separated from the AlAs-like
quency and it represents the average value for all teraherfzhonon, which occupies the high-frequency pgﬁlsi.igures
frequencies. The different doping concentrations can affedé(a) and &b) show the LPP-coupled modes obtained from
the free hole transport properties due to changing free holthe spectral density function fml/e} for the ALGa_As
density. Also the Al fractions destroy GaAs-lattice long- (x<0.01) films and the A} Ga gAs film, respectively. A
range order, inducing the scattering time variations. Thesingle mode was observed near the GaAs-like TO phonon for
competition between the two effects appears for thehe AlyoGa gAs and GaAs films, as listed in Table Il. The
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TABLE II. The LPP-coupled mode values for two setspefype ALGa _As epitaxial films were determined
from Figs. a) and Gb).

Doping concentration LPP*
Samples Dopant Np (X10'8 cm3) (cmh
Alg 0:Ga 9AS Be 3.0 306
Alg.01G& gAS Be 4.7 323
Al 0:Ga oAS Be 7.1 360
GaAs C 13 517
GaAs c 24 641
GaAs C 47 823
LPP Lo LPP
Alg1Gay gAS Be 4.7 201 306 384

broadening of the LPP-coupled modes is due to the higherameters in Eq(6) thatw is similar toy at lower frequencies.
damping constant, higher hole effective mass, and lower hol&he saturation of the absorption coefficient is not observed
mobiIity.lG In particular, the lower branct255 cni') of the  up to 1.5 THz in the present work.

GaAs epilayer with the highest doping concentration is close  The calculated absorption coefficiente=4m«/\) are

to the GaAs-like TO phonon frequen¢268 cm?). The up- shown in Fig. 7. The absorption coefficient is one of the
per LPP modes increase with the doping concentration andmportant factors in terahertz detectors. Previous literatures
show the transition from phononlike to plasmonlike have reported the free-carrier absorption fetype GaAs
behavior®> The LPP mode for p-type GaAs film with a  with low doping concentrationéup to 138 cmi™3) only in a
doping concentration of 2010'° cm™ has been observed relatively high-frequency rangé=15 TH2).%® Similar to

at a frequency of 266 cr by Yuasa and Ishff* which is  the extinction coefficient, the absorption coefficient increases
similar to the present work. It should be noted that the unwith the doping concentration. The absorption coefficient is
coupled plasma frequency is larger than the GaAs-like TCabout 7.5< 10° cmi ™! for the p-type GaAs layer with the dop-
phonon frequency for all epilayers. Also, the upper EPP ing concentration of 1.8 10" cm 3 at 3.75 THz(80 um).
mode values are close to the uncoupled plasma frequencyhe shift of the absorption coefficient at 3.75 THz, which is
(w, in Table ) and become broader with increasing dopingthe threshold frequency for some of the designed terahertz
concentration. This indicates the ability to derive the LPP-detectors, relative to the doping concentration is shown in
coupled modes from the infrared reflectance spectra. ThEig. 8. The terahertz absorption coefficient of the
LPP-coupled modes of the /¢Ga gAS film with the dop- Al :Ga& odAS and GaAs epilayers can be fitted to the fol-
ing concentration of 4.% 10'8 cm3 are shown in Fig. @) lowing empirical relationship:

and listed in Table Il. One can clearly identify the three

coupled modes, which are labeled as LPF®, and LPP, a3 75= 2.3X 107°N), 9)
from the spectral density function {ml/e} and these are o o

similar to the modes reported in Ref. 21 for the, Aa, gAS Wh_ere the eff_ect of the sma_ll AI_ fraction is negligible. Here,
film obtained using Raman scattering. The correspondind's S the doping concentration in crh Receong)y, Rayet al.
frequencies are 6.2 TH£201 cni?), 9.2 THz (306 cmil),  reported a relationship oOfg 75= 3.5 1_08Np' for doped
and 11.5 THz(384 cn7). Therefore, these three features of Silicon films at the same frequen%w.vmle the reported ab-

the Aly 18Ga, g4As film in this work are in agreement with the sorption coefficient in the above literature is from the experi-
above analysis. It should be noted that thé value mental transmittance and reflectance measurements, the

(306 cml) is close to the GaAs-like LO frequency present work focuses only on the reflectance data. Based on
(292 cmit).

-
o
)

—30x10%cm® e 1.3x10" cm®
—=-47x10% cm™® e 2.4x10" cm

. . . . —reman . 18 S S 4' 1o|9 -3
E. Relationship between doping concentration 7.1x10%cm™ § 7x10% cm

and absorption coefficient

The free-carrier absorptiofFCA) coefficient has a
simple quadratic dependence on wavelength; however, the
theory is only valid at frequencies beyond about 20 THZ,
Although the measured frequency region in the present work
is below the above value, a similar phenomenon was ob- _ ) . ) ,
served for the AJ o:Gay gdAs films in the high-frequency re- 3 6 9 12 15
gion, but not for the GaAs films as their doping concentra- Frequency (THz)
tions are very high. However, the absorption CoemCIemFlG. 7. The variation of the absorption coefficient for thg AGa, g/As and

decreases slightly with decrgasing frequency in the lowgaas films with different doping concentrations in the frequency region of
frequency region<3 TH2). It is clear from the Drude pa- 1.5-15 THz.

Absorption coefficient o (cm™)
=

-
[=]
w
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