Far-infrared free-hole absorption in epitaxial silicon films for homojunction
detectors
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We report on the investigation of free-carrier absorption characteristics for epitaxially grown
p-type silicon thin films in the far-infrared regig®0—200um), where Si homojunction interfacial
workfunction internal photoemissiofHIWIP) detectors are employed. Five Si thin films were
grown by molecular beam epitaxy on different silicon substrates over a range of carrier
concentrations, and the experimental absorption data were compared with calculated results. The
free-hole absorption is found to be almost independent of the measured wavelength. A linear
regression relationship between the absorption coefficient and the carrier concentration, in
agreement with theory, has been obtained and employed to calculate the photon absorption
probability in HIWIP detectors. ©1997 American Institute of Physid$§0003-695(97)04130-2

Recently, considerable interest has arisen in the develogained by profilometer thickness measurements. Details of
ment of internal photoemission semiconductor-junction in-these samples are listed in Table I. The mobilities of our
frared (IR) detectors: The concept of internal photoemis- samples are close to the high dopant I&eslerage value of
sion was employed in homojunction structures for far-50 cnf/Vs. To determine the infrared absorption of the
infrared (FIR) detection and was classiffeds homojunction ~samples, the transmission and reflectance were measured us-
interfacial work-function internal photoemissioHIWIP)  ing a Perkin-Elmer, system 2000, Fourier transform infrared
detectior® > Such detectors are suitable for space astronomgpectromete(FTIR) and a Si composite bolometer detector.
applications at wavelengths greater thans0.° The opera- The measurements were performed at room temperature with
tion of the HIWIP detector is based on the internal photo-a resolution of 2 cm® and no changes are expected at low
emission occurring at the interface between a heavily dopetemperatures, as described below. Both the transmission and
absorber/emitter layer and an intrinsic layer. Recent modelreflectance measurements were made using a normal inci-
ing studied have shown that Si HIWIP FIR detectors could dence geometry with light incident on the doped layer sur-
have a performance comparable to that of conventional G&ce. A 2.5um Mylar Pellicle film was used as a beamsplit-
FIR photoconductoPsor Ge blocked-impurity-bandBIB) ~ ter by placing it at 45° with the incident light in the
FIR detectors,with unique material advantages. The detec-reflectance measurements. The substrates were polished in
tion mechanism of HIWIP detectors involves FIR free carrierorder to reduce the energy losses.
absorption in the highly-doped thin emitter layers, followed  The absorption4) in thin films is determined from the
by the internal photoemission of barrier penetration and coltransmission T) and reflection R) in conjunction with the
lection. Hence, it is important to understand the FIR-free€Xpression
carrier absorption behavior in silicon thin films, both for fun- A=1-T-R (1)
damental as well as device performance reasons.

Previous studies of optical absorption in silicon wereand further subtraction of the absorption of the substrates.
limited to relatively short wavelengths<40 um).® No free-  The absorption results of two typical thin films over the
carrier absorption data are available for the wavelength rang@avelength range from 50 to 2Q@m are shown in Fig. 1.
=50 um, where the HIWIP FIR detectors usually work. In The experimental curves have been smoothed using the
this letter, free-carrier absorption pitype Si thin films with
concentrations in the range of 1o 10 cm™> was both  TABLE I. Characteristics of Si thin film samples examined in this study.
experimentally and theoretically investigated, in the FIR re-Substrate wafer 1 is with thickness of 478, resistivity of 31.40 cm and
gion (50—200um), in order to design and optimize HIWIP concentration of 1.3%10" cm™3. Substrate wafer 2 is with thicknesés of
FIR detectors.

480 um, resistivity of 33.00Q0 cm and concentration of 1.20.0' cm™3.
. - N Boron was used to dope all doped layers.
Five p-type silicon thin films were grown by molecular

beam epitaxy(MBE) on pieces from two different silicon Thickness Doping concentratio®  Mobility s
(100 wafers. The entire structure was capped by a 10 nmSample ~ Substrate  (um) (em™?) (cn?/Vs)
undoped layer to protect the surface. The carrier concentragraoar  wafer 2 0.68 55101 29
tions and mobilities in the films are extracted from Hall ef- MT325F  wafer 1 0.73 1510 42
fect measurements, while the epilayer thicknesses are of¥T326F  wafer 1 137 7%10° 55
MT327F  wafer 1 2.46 1910 110
MT328F  wafer 2 2.42 8. 10Y 126

3Electronic mail: phyuup@panther.gsu.edu

Appl. Phys. Lett. 71 (4), 28 July 1997 0003-6951/97/71(4)/515/3/$10.00 © 1997 American Institute of Physics 515



played the same absorption features. Measurements also
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. 7 10° 0] show that the free-carrier absorption increases with increas-
NS = — ing doping concentration. This is expected as the free carrier
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— Theary = 10° & and scattering ratéalso increases with doping
o 50— W s The absorption depends not only on the real part of the
E : F refractive index, but also on its imaginary part, which is pro-
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FIG. 1. Experimental FIR free hole absorption in tyeSi thin films
(MT325F and MT328F at room temperaturésolid curve$. The dashed
curves are the theoretical results without any fitting parameters. The(ipset
shows the calculated free carrier absorption coefficien} (ising the pa-
rameters in Table | of five samplés) MT324F, (b) MT325F, (c) MT326F,
(d) MT327F, ande) MT328F in a wavelength range from 1 to 2@@n, and
the inset(ii) shows the experimental absorptioh) of sample MT324F in

whered is the layer thickness. In contrast to the wavelength
squared dependence of the free carrier absorption coefficient
for shorter wavelengthsthe measured free-carrier absorp-
tion coefficients for the five thin films are almost indepen-

. . dent of the FIR(50—200um) wavelength. To explain this,
the same range using two detectors; HgC@1-e20 um) and Si bolometer

(20—-200 um), displaying the wavelength square dependence at shorteFhe free-carrier absorption of five Si thin films in a wide
wavelengths. wavelength rangé1-200 um) has been calculated by the

model described above, as shown in inggof Fig. 1. It is
FTIR software. The theoretical absorption curves shown irpSen that? qt shprter wavelengtlis-20—40um), the absorp-

Fig. 1 were calculated from the complex dielectric constaniIon coefficient INCcreases as t.he wavelength squared, and at
of the Si layer by matching electric and magnetic fields at th onger wavelen.gths IS alm.ost _|ndep§an(_jent of the. \_/vavelength.
interfacesi® The dielectric constant of the thin films is de- >1c€ free-carrier absorption is an indirect transition process
rived from the frequency-dependent conductivity for freemvolvmg the light absorption and quagl-partlclellnteractlon

; (such as phonons, defects, and lattice imperfectibgpdree
carriers by Y . :

carriers,” the weak energy of photons in the FIR region
oy results in a reduced excitation of carriers to higher energy
) levels within the same energy valley. The samples were also
measured in the 2—-2@m range by use of a HgCdTe detec-
wheready is the dc conductivity and is the relaxation time, tor with one sample displayed in insgt) of Fig. 1, which
which is independent of frequenay in the semiclassical shows near wavelength squared dependence of the free-
transport theory. Since our main interest is in the FIR range&arrier absorption and coincides with the longer wavelength
(=50 um), the other contributions, e.g., intervalence bandresults by the Si bolometer detector, in good agreement with
transitions and lattice vibrations, have been ignored. Usinghe theory shown in insdt). The above arguments strongly
the measured values of mobilify in Table I, the relaxation demonstrate the reliability of both the modeling and experi-
time was determined by the relatiopzer/mg , where  mental results.
m’g =0.37m,? is the heavy-hole effective mass in Siy is The most important result in connection with the HIWIP
the free-electron mass, aeds the magnitude of the electron detector is the relationship between the free-carrier absorp-
charge. This means that no free parameters are used to fit thien coefficient and the carrier concentration. The strength of
experimental data with the modeling results. the free-hole absorption at the wavelength of 8@, ob-

The reasonably good agreement between the experimetained from both the measurements and calculation, is shown
tal and theoretical results strongly demonstrates that the alin Fig. 2. Both show that the absorption can be well de-
sorption is actually due to the contribution of free carriers.scribed by a linear relation between the absorption coeffi-
Further evidence for the identification of free-carrier absorp-cient and the concentration of holes, in accordance with the
tion in these thin films can clearly be seen from the absorpease for shorter wavelengthdhe fitted regression formulas
tion of their substrates, where our experiments show thas a function of hole concentratio®) below 1¢° cm™2 are
their absorption can generally be neglecfdte absorption for the modeling:
coefficient is in the order of I cm™%, in comparison with _
the order of 18-10" cm™! in thin films (see below]. The @;=2.06<10" ent+ P ®)
measured values of absorption in the films were found to band for experiment
almost independent of wavelength, which is similar to the . 16
results for Schottky barrier IR detector samples beyond the ag=3.71x10" e P ©)
lattice bands! SiGe layers above 1&xm.? and GaAs thin  which are close to the classical expressiomswavelengths
films above 5Qum.*? The other three samples measured dis-\ =20—-40um. We can see that the theoretical calculation is

o= -
l1-iwT
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pends on the diffusion length, however, the effect is much

o

10 — weaker compared with the effect of absorption probability as
s z &1 ] o Exp seen from the mobility data. Therefore, this strong enhance-
N 510 c/ ® Theory ment of the photon absorption probability with the carrier
& f? Q5 S /5/ concentration shows that highly doped emitter layers are
s 4] 2 EE A — P more attractive for higher quantum efficiency in HIWIP de-
104 o Omﬂ 10° 10 10 //6/ —* tectors, which has been demonstrated in our recent GaAs
5 FOLE CONCRITRATON ()T HIWIP experimental resultd.In addition, it was showf,
z /9// ® from the high density theory, that only a small increase in the
= e o emitter layer concentratioaround 16°-10°° cm™3) can
s 3 T - % cause a large increase in the cutoff wavelength of the detec-
§ 10 p = o T - tors. Therefore, higher performance and longer cutoff wave-
) 10 10 10 10 length HIWIP detectors can be obtained in this concentration
HOLE CONCENTRATION (cm”) range.

In summary, the free-carrier absorptiongrtype Si thin
FIG. 2. Experimentalopen circles and theoreticalsolid circles FIR free  fIIms grown by MBE in the far-infrared regio®0—200um)
hole absorption coefficient as a function of hole concentration ax80  was investigated, which is the range of interest for HIWIP
Both show a linear relation betweenand hole concentratiofsolid line for detectors. Both the calculations and experimental data reveal
experimentsxy and dashed line for theory,). The inset shows the calcu- that the hole absorption is almost independent of wavelength.
lated photon absorption probability in relation with the emitter layer con- . .
centration in a Si HIWIP FIR detector with the emitter layer thicknes&@pof The theoretical results also confirm the wavelength squared
100, (b) 250, and(c) 500 A and bottom layer concentration 020  dependence of the absorption coefficient at shorter wave-
cm™® and a thickness of 6000 A. lengths, which agrees with the previous experimental results.

A linear regression relationship between the absorption co-

in reasonable agreement with the experimental results. Thiefficient and carrier concentration was obtained, which is

level of agreement is also observed in the shorter wavelengt®ssential for the performance of HIWIP detectors.
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