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Optical characterizations of heavily doped p-type Al xGa1−xAs and GaAs
epitaxial films at terahertz frequencies
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The optical properties ofp-type AlxGa1−xAs sx=0, 0.01, and 0.16d epitaxial films with different
beryllium and carbon doping concentrationss1018–1019 cm−3d 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 modelsair/film/substrated 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 regionsø5 THzd 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 is,1.39310−14 s. The longitudinal-optical
phonon plasmon coupled modes of the AlxGa1−xAs 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 AlxGa1−xAs epitaxial films was obtained at a frequency of 3.75 THzs80 mmd. These
results can be used to design and improve the performance of terahertz detectors. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1894581g
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I. INTRODUCTION

In recent years, with the breakthroughs in III-V epitax
growth techniques, GaAs and AlxGa1−xAs thin films have
found wide applications in optoelectronic devices. One o
important applications of the AlxGa1−xAs films is in terahert
detectorssi.e., far-infrared detectors: 1 THz=300mmd.1–4

High-performance heterojunction and homojunction inte
cial work-function internal photoemissionsHEIWIP and
HIWIPd terahertz detectors have stimulated further inte
on the terahertz optical properties of the AlxGa1−xAs films.
The detection mechanism of HEIWIP and HIWIP terah
detectors involves free-carrier absorption in the hea
doped emitter layers, followed by the internal photoemis
of photoexcited carriers across the junction barrier and
collection by the contact. Therefore, the free-carrier abs
tion studies can be used to improve HEIWIP and HIW
performances in the terahertz frequency region.5

The far-infraredsFIRd or the terahertz measurements
materials are of great importance due to the phonon
quency and optical constants that can be found in
region.6,7 The terahertz optical properties of the AlxGa1−xAs
film materials are interesting since the free-carrier absor
plays an important role in the detector applications. The
carrier optical properties of GaAs with carrier concentrat
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up to 231018 cm−3 can be reasonably described with
Drude model as suggested by Huggardet al.8 It was shown
recently that the Drude model is valid for the silicon lay
with carrier concentrations up to 331019 cm−3.9 This work
will focus on the reasonability of the Drude model
heavily doped AlxGa1−xAs films. The optical constantssi.e.,
the refractive index and extinction coefficientd of semicon
ductor materials are important in the device design
analysis. It is also of scientific interest to obtain the ana
cal expression for the optical response of semiconduct10

The optical constants of AlxGa1−xAs materials have been r
ported previously for intrinsic and/orn-type bulk material
and films with Al fractionx greater than 0.20 beyond t
3-THz frequency.11 The absorption of the terahertz detec
depends not only on the absorption coefficientsthrough the
extinction coefficientd but also on the refractive inde
Therefore, the optical constants are important for calcula
the FIR absorption of the terahertz detectors.2 This makes i
important to study the optical constants of materials in
lower-frequency region, where the reststrahlen absor
band is absent and the free-carrier effects become dom

The longitudinal-optical phonon plasmonsLPPd-coupled
modes can be directly studied using infrared reflect
spectra.12 Although there are some reports on the L
coupled modes ofp-type AlxGa1−xAs films using Rama
scattering,13,14 the LPP-coupled modes were not well a

lyzed for the high hole concentrations in the infrared reflec-
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tance spectral measurements.15 The upper LPP-couple
mode has not been observed in Raman scattering forp-type
GaAs materials due to a higher damping constant, hi
hole effective mass, and lower hole mobility.16,17 Therefore
the infrared reflectance spectra could be a suitable to
study the LPP-coupled modes forp-type AlxGa1−xAs films.

Here, the optical properties ofp-type AlxGa1−xAs sx
=0–0.16d epitaxial films with different berylliumsBed and
carbonsCd doping concentrations are reported using FIR
flectance spectroscopy. The effects of the doping conce
tion on the optical constants and LPP-coupled modes
investigated.

II. EXPERIMENT DETAILS

Two sets ofp-type AlxGa1−xAs film samples were grow
by molecular-beam epitaxysMBEd at a growth temperatu
of 550 °C. The first set of four samples was 1-mm-thick
Be-doped epitaxial AlxGa1−xAs sx=0.01 and 0.16d films
grown on a 520-mm-thick semi-insulating GaAss100d sub-
strate. Three of them were Al0.01Ga0.99As films with doping
concentrations of 3.031018, 4.731018, and 7.131018 cm−3,
respectively. The other was Al0.16Ga0.84As film doped to
4.731018 cm−3. The second set of samples was C-do
280-nm-thick GaAs epitaxial films with doping concen
tions of 1.331019, 2.431019, and 4.731019 cm−3 grown on
a 350-mm-thick semi-insulating GaAs substrate. The Al fr
tion, and the Be- and C-doping concentrations of the sam
were analyzed by secondary-ion-mass spectrometrysSIMSd.
Carbon was used as a dopant since it allows a high lev
doping compared to beryllium. The FIR reflectance spe
of the samples were recorded using a Perkin–Elmer sy
2000 Fourier transform infraredsFTIRd spectrometer in th
frequency region of 1.5–15 THzsi.e., 200–20mm or
50–500 cm−1d at room temperature. These measurem
snear normal incidenceu,10°d were done with a resolutio
of 4 cm−1. The illuminated area on the epilayers was ab
4 mm in diameter.

III. RESULTS AND DISCUSSION

A. Data analysis

The reflectance of the single film on the substrate ca
calculated by Snell’s law and Maxwell’s equations consi
ing the film to be isotropic.18 The matrix method is use
since it enables easy calculation of reflectance for an
trary number of parallel and isotropic layers. Suppose
complex refractive index of the film isñf, vacuum is unity
and the substrate isñs, respectively. The resultant matrixCr

is described by the following product form:

Cr = CvfCfCfs. s1d

Here,Cvf is the interface matrix between vacuum and fi

Cvf =
1

2ñf
Fsñf + 1d sñf − 1d

sñf − 1d sñf + 1d
G , s2d
andCf is the propagation matrix for the film
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Cf = Fexpsi2pñfd/ld 0

0 exps− i2pñfd/ld
G , s3d

wherel is the incident wavelength,d is the film thickness
andCfs is the interface matrix between film and substra

Cfs =
1

2ñs
Fsñs + ñfd sñs − ñfd

sñs − ñfd sñs + ñfd
G , s4d

the reflectance can be readily obtained from

R= UCr2,1

Cr2,2
U2

. s5d

For doped semiconductor materials, the terahertz di
tric response functions are expressed by a multioscillato
the optical phonons and the Drude model for free carrie
plasma response. The dielectric functions«=«1+ i«2d of the
Al xGa1−xAs films is written as

«svd = «` −
«`vp

2

vsv + igd
+ o

k=1

2 SkvTO,k
2

vTO,k
2 − v2 − ivGk

. s6d

Here,«` is the high-frequency dielectric constant,vp is the
plasma frequency,g is the free-carrier damping constantsre-
lated to the scattering time byt=1/2pcgd, vTO,k is the
transverse-opticalsTOd phonon frequency,Sk is the TO pho
non strength,Gk is the damping parameter of the TO phon
and v is the frequency of the incident light. The plas
frequencyvp of free carriers with effective massm* and
carrier concentrationnp is given by the following equation

vp =Î npe
2

«o«`m* . s7d

Here,e is the electron charge,«o is the vacuum permittivity
Only the np/m* ratio is determined from the plasma f
quency. It is noted that a single-Lorentz oscillator is used
the AlxGa1−xAs sxø0.01d films because the GaAs-like T
phonon was observed while the AlAs-like TO phonon
very weak in the measured terahertz frequency region. H
ever, two Lorentz oscillators must be considered for
Al0.16Ga0.84As film because the GaAs-like and AlAs-like T
phonons were both visible from the experimental reflect
spectra. In modeling the experimental data, two steps
considered. First, all the parameters in Eq.s6d were used a
free parameters and determined using a least-square
program. It was found that the GaAs-likesabout 268 cm−1d
and AlAs-like sabout 358 cm−1d TO phonons for all th
Al xGa1−xAs films had almost the same frequency as the
ues reported in Refs. 19 and 20. In the second step, a
Lorentz parameters obtained in the first step were fixe
order to reduce the model parameter correlation, and on
Drude parameterssvp and gd were calculated. It is reaso
able that the TO phonon frequency is nearly the same
samples because the doping concentration only slightl
fects the phonon frequency.21 The reflectance spectrum
the Al0.16Ga0.84As film was well reproduced using the tw
oscillator model, as shown in Fig. 1scd, which demonstrate
the validity of the Drude model in the low-frequency reg

for the second step in the calculations.
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The reflectanceR was calculated using the three-ph
model sair/AlxGa1−xAs film/GaAs substrated. The interface
layer between the film and substrate was neglected be
of its small effects. The optical constants of the GaAs
strate were also calculated using Eq.s6d with the paramete
values in Ref. 17. By adjusting the Drude parameter va
of Eq. s6d to fit the experimental spectra to theoretical sp
tra, the best parameter values for the epitaxial films w
determined. The optical constantssñf =n+ ikd were calcu
lated from

ñfsvd = Î«svd. s8d

The experimentalsdotted linesd and calculated spect

FIG. 1. Measuredsdotted linesd and calculatedssolid linesd terahertz reflec
tance spectra ofsad Al0.01Ga0.99As films with different doping concentr
tions, sbd GaAs films with different doping concentrations, andscd
Al xGa1−xAs films with different Al fractions. The arrow inscd shows the
AlAs-like TO phonon frequency. For clarity, each spectrum is success
shifted by 1.5 in the vertical direction.
ssolid linesd for the AlxGa1−xAs epilayers are shown in

Downloaded 03 May 2005 to 131.96.4.192. Redistribution subject to AIP
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Fig. 1. No mathematical smoothing has been performe
the experimental data. The agreement improves as the
ing concentration increases. The multiple reflections in
substrate were not considered in the calculations. The G
like TO phonon was observed near 8.1 THzsi.e., 268 cm−1d
for all epilayers. The AlAs-like TO phonon was clearly v
ible near 10.7 THzsi.e., 358 cm−1d for the Al0.16Ga0.84As
film, as shown in Fig. 1scd. There are some interferen
peaks in the low-frequencyslong wavelengthd region since
the substrate is polished on both sides. In the low-frequ
region
sø5 THzd, the reflectance shows a slowly increasing tr
with decreasing frequency. Generally, the free-carrier be
ior plays an important role beyond the TO phonon freque
region. This implies that the Drude model can reason
explain the absorption of the heavily doped AlxGa1−xAs
films.

The Drude parameter values used in the calculation
listed in Table I. The plasma frequencyscorrespondingly th
free-carrier concentrationd increases with the doping conce
tration. Note that the doping concentration of
Al0.01Ga0.99As and Al0.16Ga0.84As films is 4.731018 cm−3

and their plasma frequencies are slightly different. Howe
the value is located between that of the samples with do
concentrations of 3.031018 and 7.131018 cm−3. The dis-
crepancy could be due to the effects of the Al fraction
the AlAs-like TO phonon. Based on the previous discuss
the np/m* value is determined from the plasma freque
since the effective massm* may deviate from the intrins
bulk material value. Therefore, the ratio contains the effe
the doping concentration on the effective mass. The r
are close to unity and show a decreasing trend with the
ing concentration. This indicates that the hole concentr
is in agreement with the doping concentration and the
effective mass increases with the doping concentration.17 For
the GaAs films with the two highest doping concentrati
the ratios are 1.05 and 0.90, respectively. This implies
the hole concentration is almost equal to the doping con
tration and has the smallest discrepancy in the hole effe
mass. For the GaAs film with the doping concentratio
4.731019 cm−3, this ratio s0.90d is slightly less than unit

TABLE I. The parameter values for two sets ofp-type AlxGa1−xAs epitaxia
films. The plasma frequencyvp and the free-carrier damping constang
were obtained from the fitting calculations. BerylliumsBed is the dopant fo
the AlxGa1−xAs sù0.01d films, and carbonsCd is the dopant for the GaA
films. The 90% confidence limit are given withs6d.

Samples
Doping Concentration

Np s31018 cm−3d
vp

scm−1d
g

scm−1d
np

Np

mN
*

mn
a

Al0.01Ga0.99As 3.0 279±4 367±17 1.59
Al0.01Ga0.99As 4.7 331±3 339±10 1.34
Al0.16Ga0.84As 4.7 364±6 373±18 1.60
Al0.01Ga0.99As 7.1 392±2 377±8 1.17

GaAs 13 572±10 547±27 1.53
GaAs 24 658±7 398±13 1.05
GaAs 47 832±13 341±17 0.90
indicating that the hole effective mass is the largest for the
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highest doping concentration. The dependence of the
effective mass on the doping concentration is complic
since the contributions from the heavy and light holes
different. The Drude model considers their average ef
and a good agreement was obtained by adjusting only
parameters. With respect to the doping concentrations
1019 cm−3 for the AlxGa1−xAs films, the present results co
firm the conclusion that the deviation from the Drude mo
increases as the doping level decreases.8

B. Effects of doping concentration
on optical constants

The calculated optical constantsn and k are shown in
Figs. 2 and 3, respectively. The inset in Fig. 2 shows
refractive indices of the AlxGa1−xAs films with different dop
ing concentrations in the 1.5–3-THz frequency region.
refractive index increases with the doping concentratio
the low-frequency region. However, there are differences
tween the values above and below 8.1 THz, which indi
that the TO phonon provides a large contribution to the
fractive index in this frequency region. Isenberg and W
reported similar refractive index increasing at long wa

FIG. 2. The variation of the refractive index for the AlxGa1−xAs films with
different doping concentrations in the frequency region of 1.5–15 THz
upper three curves are for C-doped GaAs films and the lower three c
are for Be-doped Al0.01Ga0.99As films. The inset shows an enlargemen
the 1.5–3-THz frequency region of the refractive indices.

FIG. 3. The variation of the extinction coefficient for the AlxGa1−xAs films
with different doping concentrations in the frequency region of 1.5–15
The upper three curves are for C-doped GaAs films, and the lower

curves are for Be-doped Al0.01Ga0.99As films.
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lengths for heavily doped silicon layers.22 The extinction co
efficient increases with the doping concentration in the e
frequency region. As shown in Figs. 2 and 3, the op
constants increase quickly with decreasing frequency,
the differences between the samples become very large
low-frequency regionsø5 THzd. However, these differenc
are small beyond the TO phonon frequency. The optical
stants of the AlxGa1−xAs sx=0.01 and 0.16d films with a dop-
ing concentration of 4.731018 cm−3 are shown in Fig. 4. Th
refractive index and the extinction coefficient incre
slightly with the Al fraction in the low-frequency region.
should be noted that the AlAs-like TO phonon is neglecte
the mode for the Al0.01Ga0.99As films. This results in th
second peaks10.7 THzd of the optical constants for th
Al0.16Ga0.84As film. It indicates that the Al fraction can al
affect the terahertz optical propertiessfree-carrier absorptio
behaviord since the doping concentration is the same.
using the Kane model, Metzgeret al. calculated the shift o
the Fermi level relative to the conduction-band valley
GaAs and InAs with different carrier concentrations.23,24The
results indicate that the shift of the Fermi level increa
with the carrier concentration. Although the shift is not la
for the lightly doped samples, it increases quickly w
heavily doped samples. For the epilayers with doping
centrations of 1018−1019 cm−3 in this work, the theoreticall
calculated Fermi level shifts approximately fr
0.2 to 0.7 eV. This shift is large compared to the terah
photon energy. The Fermi-level shift can induce a redist
tion of the free carriers above the conduction band if
effective mass changes slightly for different doping con
trations or Al fractions. The situation becomes much m
complicated inp-type AlxGa1−xAs materials since the fre
holes occupy the heavy-hole and light-hole energy ba
This energy shift is expected to affect the two band distr
tions and the occupying possibility of heavy and light h
strongly. Moreover, both the intervalence band and the
carrier transition dominate the terahertz optical propertie
the AlxGa1−xAs films due to lower photon energy, contrib

s

e

FIG. 4. The optical constants for Be-doped AlxGa1−xAs films with different
Al fractions. The doping concentration is 4.731018 cm−3. The AlAs-like TO
phonon was observed at 10.7 THz for the Al0.16Ga0.84As film.
ing to the optical constants. The interaction between the tera-
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hertz radiation and the free carrier may change with the
hole distributions forp-type materials. Therefore, the diele
tric response to the terahertz radiation is different and
optical constants vary with the doping concentration for
Al xGa1−xAs epilayers.

C. Effects of doping concentration
on Drude parameters

For p-type AlxGa1−xAs materials, the free carriers a
holes which populate two different bands, the heavy-
and the light-hole bands, to different extents ink space.17

The Drude model considers the simplest approximation
the contribution to the terahertz dielectric functions of
plasma. From the present results, it can be concluded th
approximation is reasonable. For clarity, the calculated
sults compared with the nominal doping concentration,
the damping constantssi.e., scattering timesd are shown in
Figs. 5sad and 5sbd, respectively. The calculated plasma
quencies are close to the theoretical results, indicating
the calculated results can be reasonably used to obta
plasma frequencies. The difference may be due to the
ence of a near-face depletion layer, which was not consid
in the three-phase model. The calculated reflectance sp
using a four-phase model, which contains the depletion
on the AlxGa1−xAs film layer, did not change the values lis
in Table I within the confidence limits. The average fr
carrier scattering time for the samples is close to
310−14 s. Hubermanet al. reported that the scattering tim
varies from 1.7310−14 to 1.4310−14 s as the doping con
centration increases from 2.531019 to 1.531020 cm−3.25

The present results are also close to those data excep
p-type GaAs epilayer with the doping concentration of
31019 cm−3, which has a lower scattering time. Note that
scattering time in the Drude model is independent of
quency and it represents the average value for all tera
frequencies. The different doping concentrations can a
the free hole transport properties due to changing free
density. Also the Al fractions destroy GaAs-lattice lo
range order, inducing the scattering time variations.

FIG. 5. sad Plasma frequencyvp and sbd scattering timet were calculate
from the experimental reflectance spectra with different doping conce
tions. The values from Ref. 25 are also shown. The dash line indicat
average value of the scattering times obtained in the present work.
competition between the two effects appears for the
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Al xGa1−xAs films with different Al fractions and doping co
centrations. These perturbations are not considered i
simplest Drude theory.25 In addition, the fluctuation of th
scattering time may be attributed to the optical model
cause the GaAs substrates are polished on both sides a
model neglects the multiple reflections in the substrate.
large hole effective mass and different dopants also ma
fect the scattering time.26

D. Longitudinal-optical phonon plasmon
coupled modes

The longitudinal-optical phonon plasmonsLPPd-coupled
modes ofp-type GaAs films have been investigated for
ferent dopants and doping concentrations using Ra
scattering or infrared reflectance spectra.13–15,21The nature o
the LPP-coupled modes in ternary alloy systems is com
cated as a consequence of the two-mode behavior of
zone-center optical modes.27 If the doping concentration
not highsø1019 cm−3d, the LPP− mode is close to the GaA
like TO phonon frequency and the LPP+ mode shifts from
the AlAs-like LO to the plasmonlike when plasmon f
quency is beyond the AlAs-like LO frequency. On the o
hand, the peakL0 should change from the GaAs-like LO
the AlAs-like TO with increasing doping concentrationsNote
that the GaAs-like phonon is separated from the AlAs-
phonon, which occupies the high-frequency parts.28d Figures
6sad and 6sbd show the LPP-coupled modes obtained f
the spectral density function Imh−1/«j for the AlxGa1−xAs
sxø0.01d films and the Al0.16Ga0.84As film, respectively. A
single mode was observed near the GaAs-like TO phono

-
e

FIG. 6. Spectral density function Imh−1/«j of sad the AlxGa1−xAs sx
ø0.01d films and sbd Al0.16Ga0.84As film with different doping concentr
tions. The arrows indicate the LPP-coupled modes.
the Al0.01Ga0.99As and GaAs films, as listed in Table II. The
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broadening of the LPP-coupled modes is due to the h
damping constant, higher hole effective mass, and lower
mobility.16 In particular, the lower branchs255 cm−1d of the
GaAs epilayer with the highest doping concentration is c
to the GaAs-like TO phonon frequencys268 cm−1d. The up-
per LPP+ modes increase with the doping concentration
show the transition from phononlike to plasmonl
behavior.15 The LPP− mode for p-type GaAs film with a
doping concentration of 2.031019 cm−3 has been observe
at a frequency of 266 cm−1 by Yuasa and Ishii,21 which is
similar to the present work. It should be noted that the
coupled plasma frequency is larger than the GaAs-like
phonon frequency for all epilayers. Also, the upper L+

mode values are close to the uncoupled plasma frequ
svp in Table Id and become broader with increasing dop
concentration. This indicates the ability to derive the L
coupled modes from the infrared reflectance spectra.
LPP-coupled modes of the Al0.16Ga0.84As film with the dop-
ing concentration of 4.731018 cm−3 are shown in Fig. 6sbd
and listed in Table II. One can clearly identify the th
coupled modes, which are labeled as LPP−, L0, and LPP+,
from the spectral density function Imh−1/«j and these ar
similar to the modes reported in Ref. 21 for the Al0.2Ga0.8As
film obtained using Raman scattering. The correspon
frequencies are 6.2 THzs201 cm−1d, 9.2 THz s306 cm−1d,
and 11.5 THzs384 cm−1d. Therefore, these three features
the Al0.16Ga0.84As film in this work are in agreement with t
above analysis. It should be noted that theL0 value
s306 cm−1d is close to the GaAs-like LO frequen
s292 cm−1d.

E. Relationship between doping concentration
and absorption coefficient

The free-carrier absorptionsFCAd coefficient has
simple quadratic dependence on wavelength; howeve
theory is only valid at frequencies beyond about 20 THz.22,29

Although the measured frequency region in the present
is below the above value, a similar phenomenon was
served for the Al0.01Ga0.99As films in the high-frequency re
gion, but not for the GaAs films as their doping concen
tions are very high. However, the absorption coeffic
decreases slightly with decreasing frequency in the

TABLE II. The LPP-coupled mode values for tw
from Figs. 6sad and 6sbd.

Samples Dopant
Doping c

Np s31

Al0.01Ga0.99As Be
Al0.01Ga0.99As Be
Al0.01Ga0.99As Be

GaAs C
GaAs C
GaAs C

Al0.16Ga0.84As Be
frequency regionsø3 THzd. It is clear from the Drude pa-
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rameters in Eq.s6d thatv is similar tog at lower frequencie
The saturation of the absorption coefficient is not obse
up to 1.5 THz in the present work.

The calculated absorption coefficientssa=4pk /ld are
shown in Fig. 7. The absorption coefficient is one of
important factors in terahertz detectors. Previous litera
have reported the free-carrier absorption forp-type GaAs
with low doping concentrationssup to 1018 cm−3d only in a
relatively high-frequency rangesù15 THzd.25,26 Similar to
the extinction coefficient, the absorption coefficient incre
with the doping concentration. The absorption coefficie
about 7.53103 cm−1 for thep-type GaAs layer with the do
ing concentration of 1.331019 cm−3 at 3.75 THzs80 mmd.
The shift of the absorption coefficient at 3.75 THz, whic
the threshold frequency for some of the designed tera
detectors, relative to the doping concentration is show
Fig. 8. The terahertz absorption coefficient of
Al0.01Ga0.99As and GaAs epilayers can be fitted to the
lowing empirical relationship:

a3.75= 2.33 10−6Np
0.50, s9d

where the effect of the small Al fraction is negligible. He
Np is the doping concentration in cm−3. Recently, Rayet al.
reported a relationship ofa3.75=3.5310−8Np

0.60 for doped
silicon films at the same frequency.9 While the reported ab
sorption coefficient in the above literature is from the exp
mental transmittance and reflectance measurements
present work focuses only on the reflectance data. Bas

s ofp-type AlxGa1−xAs epitaxial films were determined

ntration
m−3d

LPP+

scm−1d

306
323
360
517
641
823

LPP− L0 LPP+

201 306 384

FIG. 7. The variation of the absorption coefficient for the Al0.01Ga0.99As and
GaAs films with different doping concentrations in the frequency regio
o set

once
018 c

3.0
4.7
7.1
13
24
47

4.7
1.5–15 THz.
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Eq. s9d, increasing the doping concentration can improve
performance of terahertz detectors. However, the absor
coefficient approaches a constant as the doping concent
increases at low frequencies. It is expected that the ab
tion coefficient approaches the values of metallic mate
because the doping concentration is close to or above
transition concentration. The sublinear relationship betw
the terahertz absorption coefficient and the doping con
tration needs to be further studied in order to improve
performance of terahertz detectors.

IV. CONCLUSIONS

In conclusion, optical constants ofp-type AlxGa1−xAs
sx=0, 0.01 and 0.16d epitaxial films with different beryllium
and carbon doping concentrations have been investiga
the terahertz frequency region from 1.5 to 15 THz. With
three-phase modelsair/film/substrated and the classica
Lorentz–Drude model, the experimental reflectance sp
can be fitted to derive the optical constants. The results
cate that the refractive index and extinction coefficient
crease with the hole concentration. The calculated pla
frequency is close to the theoretical result. The average
carrier scattering time is about 1.39310−14 s. The LPP
coupled modes of the AlxGa1−xAs films were investigated
The upper LPP+ mode increases with the doping concen
tion and shows a transition from phononlike to plasmon
behavior. Three LPP-coupled modes were observed fo
Al0.16Ga0.84As film. The corresponding frequencies are
9.2, and 11.5 THz, respectively. The absorption coeffic
for the AlxGa1−xAs films decreases slightly with the incre
ing frequency. A sublinear relationship between the abs
tion coefficient and the doping concentration was foun

FIG. 8. The sublinear relationship between the doping concentration a
absorption coefficient of the Al0.01Ga0.99As and GaAs films at 3.75 TH
s80 mmd.
3.75 THz.
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