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Free carrier absorption in Be-doped epitaxial AlGaAs thin films
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Free hole absorption in doped AlxGa1−xAs films, grown by molecular-beam epitaxy on
semi-insulating GaAs substrates, was investigated. Free carrier absorption for three different hole
concentrations with the same Al fraction and for two different Al fractions with the same doping
concentration was studied. Experimental absorption coefficients were obtained from the data using
a model that includes multiple reflections in the substrate wafer. In the 100–400mm range,
s3,5,8d31018 cm−3 Be-doped Al0.01Ga0.99As films have absorption coefficients of,s3,3.5,5d
3103 cm−1, respectively, where the magnitude of the absorption is found to be almost independent
of the wavelength. This allows replacing doped GaAs emitters in heterojunction interfacial work
function internal photoemission far-infrared(HEIWIP) detectors withp-Al xGa1−xAs layers with
x,0.017 facilitating the extension of the threshold wavelength of HEIWIP detectors beyond the
92 mm limit due to the practical Al fraction growth limit of 0.005 in molecular-beam epitaxy. ©
2004 American Institute of Physics. [DOI: 10.1063/1.1829383]
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Recent developments in internal photoemis
semiconductor junction infrared detectors1–3 have mad
possible the realization of high performance homo- and
erojunction interfacial workfunction internal photoemiss
(HEIWIP) far-infrared (FIR) detectors operating up
,100 mm. The interest in the manipulation of these dev
was stimulated in part by possible applications such as
focal plane arrays used for space astronomy as in NA
Herschel program.4 Present FIR detectors in use or un
development for this wavelength range are extrinsic
photoconductors(stressed or unstressed),5 and Ge(Ref. 6)
and Si (Ref. 7) blocked-impurity-band(BIB) detectors
There are many technological challenges for fabricating
large format arrays, and GaAs BIB detectors are still in
developmental stages.

Although a threshold wavelengthsl0d of 92 mm has
been realized forp-GaAs/AlxGa1−xAs HEIWIPs, further ex
tension is hindered by the practical growth limit of the a
minum fraction(0.005) in molecular-beam epitaxy(MBE)-
grown AlxGa1−xAs barrier structures.8 Even in HIWIPs,l0
was observed to be limited to,100 mm, as increasing th
doping concentration above 231019 cm−3 would set off the
depletion of free holes in the heavy hole band resulting
shorter threshold wavelength.9 Doped AlxGa1−xAs emitters
and GaAs barriers avoid this limit allowing the realization
HEIWIP devices with thel0 extended beyond 138mm.8 In
this mode, Al0.01Ga0.99As emitters are expected to give al0
of 325 mm. The operation mechanism of these detector
volves FIR absorption in doped AlxGa1−xAs emitters. This
makes it important to understand the free carrier absor
in doped AlGaAs thin films, especially, in the FIR reg
where the extended wavelength detectors would operate
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perimental absorption coefficients for AlxGa1−xAs have bee
reported up to 20mm, previously.10 In this paper, results a
reported on the free-hole absorption in Be-doped AlxGa1−xAs
thin films in the wavelength range of 10–400mm.

Four Be-doped AlxGa1−xAs thin films were grown b
MBE on 520mm thick semi-insulating GaAs(100) wafers
The samples were back side polished in order to reduc
reflection losses. The structure parameters, and the freq
and the wavelength of plasma resonance of free holes
Al xGa1−xAs films are shown in Table I. Reflectance a
transmittance measurements were performed for 331018, 5
31018, and 831018 cm−3 Be-doped Al0.01Ga0.99As films and
for two 531018 cm−3 Be-doped films with 0.01 and 0.20
fractions. One of the above samples was etched down
a wet etchant to obtain the transmittance and the reflec
spectra of the GaAs substrate. All measurements were
formed at room temperature with a Perkin–Elmer sys
2000 Fourier transform infrared spectrometer(FTIR) and a
Si composite bolometer. For both the substrate sample
the film/substrate samples, transmittance was measure
der a normal incidence geometry, while the reflectance

TABLE I. Parameters of the measured AlxGa1−xAs thin-film samples. Th
1 mm thick Be-doped AlxGa1−xAs films were grown on 520mm thick semi-
insulating GaAs substrates. Here,x is the Al fraction, p is the accepto
doping density,fp and lp are the frequency and wavelength of the pla
resonance of free carriers in the films, respectively.

Sample
Al
x

p
s31018 cm−3d

fP

(THz)
lP

smmd

1442 0.01 3 6.6 45.2
1443 0.01 5 8.6 35.0
1444 0.01 8 10.9 27.6
1446 0.20 5 8.3 36.3
© 2004 American Institute of Physics
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measured at near normal incidence,,5°, using the specula
reflectance accessory. The FTIR resolution was 4 cm−1.

The complex permittivity «svd for the doped
Al xGa1−xAs films was modeled using the Drude theory11 for
free carriers in combination with an additive two oscilla
mode for phonons:10

«svd = «`F1 −
vp

2

vsv + iv0dG + o
j

SjvTOj

2

vTOj

2 − v2 − ivg j

. s1d

The first term in Eq.(1) describes the interaction of i
frared radiation with the free carriers in the dop
Al xGa1−xAs film. Here, «` is the high-frequency dielectr
constant,v is the frequency of incident radiation,v0=1/t is
a free carrier damping constant with a relaxation time ot,
vp=Îpq2/«`«0m* is the plasma frequency of free carrie
with effective massm* and concentrationp, and q is the
magnitude of the electron charge. The second term des
the interaction of radiation with GaAs-like and AlAs-li
transverse optical(TO) phonons in the frame of Loren
model. Here,vTOj

is the TO-phonon frequency,g j is a damp
ing constant for TO phonons, andSj is the TO-phonon osci
lator strength. A single oscillator with GaAs TO phonons
used for the GaAs substrate.

The model reflectance spectra of the AlxGa1−xAs films
on the GaAs substrates, and the substrate alone were
lated using the complex permittivities«svd of the films and
the substrate with a free carrier relaxation time oft=1.2
310−14 s.12 The dielectric constants and the TO-phonon
rameters for the films and the optical constants used fo
GaAs bulk substrate were from Ref. 10. The model abs
tion coefficient, a, of the film was calculated usinga

=2sv /cdk̂svd, wherek̂svd is the extinction coefficient equ
to the imaginary part ofÎ«svd andc is the speed of light.

The model reflectance spectra based on Eq.(1) and the
experimental spectra for the Al0.01Ga0.99As films on GaAs
substrates at room temperature are shown in Figs. 1(a)–1(c).

FIG. 1. Experimental(solid line) and model(dashed line) reflectance spe
tra for 1 mm thick Be-doped Al0.01Ga0.99As epitaxial films grown on
520 mm thick GaAs semi-insulating substrates for different doping con
trations:(a) 331018, (b) 531018, and(c) 831018 cm−3. The sharp peaks
,37 mm are due to the interaction of radiation with GaAs-like TO phon
while the arrows at,28 mm point to small peaks due to interaction w
AlAs-like TO phonons. The ripples toward the FIR end are due to
Fabry–Pérot interference in the semi-insulating substrate.(d) Experimenta
and model reflectance spectra for 1mm thick 531018 cm−3 Be-doped
Al0.20Ga0.80As epitaxial film on a similar substrate.
The sharp peak in the spectra at,37 mm is due to the inter-
Downloaded 09 Dec 2004 to 131.96.4.66. Redistribution subject to AIP l
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action of radiation with GaAs-like TO phonons, while
arrows at,28 mm point to a small peak caused by the
teraction of AlAs-like TO phonons. Except for these t
phonon peaks, the difference in the reflectance betwe
single-oscillator and a double-oscillator model is neglig
for x,0.20. The model and experimental reflectance
Al0.20Ga0.80As/GaAs sample around the reststrahlen ban
shown in Fig. 1(d). Here, it is clear that the increased
fraction,x=0.20, has increased the strength of the AlAs-
phonon while decreasing the GaAs-like phonon strength
flectance spectra for all samples showed an intensity os
tion in the FIR range. Reflectance measurements with 1−1

FTIR resolution showed an oscillation periodicity
2.7±0.1 cm−1, which corresponds to the Fabry–Pérot in
ference caused by the 520mm thick substrate. Therefore, t
experimental absorption coefficient of the films was ca
lated using a model[Eqs.(2) and(3)] that includes the mu
tiple reflections within the GaAs substrate. The multiple
flections inside the film layer were not included due to
low reflectivity, ,0.03, of the AlxGa1−xAs/GaAs interface

aFilmdFilm + aSubdSub= sinh−1F s1 − Rsampled2 − Tsample
2

2Tsample
G ,

s2d

aSubdSub= sinh−1F s1 − RSubd2 − TSub
2

2TSub
G . s3d

The experimental free-hole absorption coefficient s
tra for the three Al0.01Ga0.99As films with different Be dopin
densities are shown in Figs. 2(a) and 2(b). The dashed curv
showsa for 331018 cm−3, while the solid and the dotte
curves are for 531018 and 831018 cm−3, respectively. Th
absorption coefficients,a, were obtained for room tempe
ture using the experimental transmittance and reflec
data in Eqs.(2) and (3), except for the reststrahlen regi
The experimental transmittance in that region(falling well
inside the spectrometer noise level due to the high re
tance of both the GaAs substrate layer and
Al xGa1−xAs/GaAs samples in the reststrahlen region) will

FIG. 2. (a) Experimental free-hole absorption coefficientsad in the range o
10–100mm for Be-doped Al0.01Ga0.99As thin films at room temperatur
The dashed, solid, and dotted curves showa for 3, 5, and 831018 cm−3,
respectively. The region shown by the break corresponds to the rests
region of Al0.01Ga0.99As. (b) The a is almost independent of wavelen
in the FIR range of 100–400mm, and ,s3,3.5,and 5d3103 cm−1

for s3,5,and 8d31018 cm−3 Be-doped Al0.01Ga0.99As epitaxial films
respectively.
blow up Eqs.(2) and(3) making it impossible to calculatea.
icense or copyright, see http://apl.aip.org/apl/copyright.jsp
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No major changes ina are expected with temperature due
minute temperature coefficients associated with the rele
optical constants for AlxGa1−xAs.10 Figure 2(b) showsa in-
creasing from around 33103 to 53103 cm−1 as doping den
sity increases from 331018 to 831018 cm−3. Although a
,l2 dependency is observed in the shorter-wavelengt
gion, the free-hole absorption is found to be almost inde
dent of the wavelength in the range of 100–400mm.

Free-hole absorption coefficient spectra for films w
two different x values with the same doping density,
31018 cm−3, are shown in Fig. 3. Thea has decreased fro
,3.53103 at x=0.01 to 33103 cm−1 at x=0.20, while be
ing wavelength independent in the range of 100–400mm.
The GaAs emitter/AlxGa1−xAs barrier HEIWIP devices ca
only have a maximuml0 of 92 mm due to the practical A
fraction growth limit of ,0.005 in MBE. However, in de
vices with doped AlxGa1−xAs emitters,l0 increases withx,
avoiding the growth limitation. Using a detector with dop
Al0.01Ga0.99As layers as emitters, al0 of ,325 mm could be
obtained for a structure with intrinsic GaAs barriers. Furt
calculations show that the FIR absorption coefficient in
range of 5–400mm decreases by,0.5% only, when a
31018 cm−3 Be-doped GaAs emitter is replaced with
Al0.01Ga0.99As emitter of similar doping. Hence, FIR abso
tion, almost similar to GaAs can be obtained using em
layers with lower Al fractions. The inset of Fig. 3 show
sublinear relationship betweena and the acceptor dopin
density spd at 160mm for x=0.01 films. Thea is propor-
tional to ,p0.5. Therefore, the FIR absorption in t
Al xGa1−xAs film layers increases with the doping density

The calculated and the experimental absorption co
cient spectra for the Al0.01Ga0.99As film with 831018 cm−3

doping concentration are shown in Fig. 4. The peak in
experimental curve around 3mm is due to the photoexcit

FIG. 3. Experimental free-hole absorption coefficientsad at room tempera
ture for Be-doped AlxGa1−xAs thin films in the FIR range of 100–400mm.
The solid and the dashed curves showa for x=0.01 andx=0.20 films,
respectively. The free-hole absorption is found to be almost independ
wavelength in the 100–400mm range. Thea has decreased from,3.5
3103 at x=0.01 to,33103 cm−1 at x=0.20. The inset shows a subline
relationship of the free-hole absorption coefficient with a Be-doping de
a~p0.5, for Al0.01Ga0.99As films at 160mm.
tion from heavy and light hole bands to the split off band of
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Al xGa1−xAs, which is not included in the model spectrum
In conclusion, free carrier absorption in the range

10–400mm has been investigated. The absorption co
cient for Al0.01Ga0.99As is almost the same for GaAs, and t
facilitates the use of thin acceptor-doped AlxGa1−xAs ab-
sorber layers as emitters in threshold extension of HEI
FIR detectors. The sublinear relationship between the
sorption coefficient and the doping density would be us
in designing HEIWIP detectors. Since the variation ofa with
the Al fraction is not significant for small Al fractions, t
absorption quantum efficiency for HEIWIPs with differ
threshold wavelengths will not vary significantly.
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