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We have epitaxially grown undoped f-FeSi, films on Si(111) substrates via atomic-hydrogen-assisted
molecular-beam epitaxy. f-FeSi, films grown without atomic hydrogen exhibited p-type conduction
with a hole density of over 10" cm ™ at room temperature (RT). In contrast, those prepared with
atomic hydrogen showed n-type conduction and had a residual electron density that was more than
two orders of magnitude lower than the hole density of films grown without atomic hydrogen (of the
order of 10'® cm ™ at RT). The minority-carrier diffusion length was estimated to be approximately
16 pum using an electron-beam-induced current technique; this value is twice as large as that for
p-FeSi, prepared without atomic hydrogen. This result could be well explained in terms of the
minority-carrier lifetimes measured by a microwave photoconductance decay technique. The 1/e
decay time using a 904 nm laser pulse was approximately 17 us, which is much longer than that for
p-FeSi, prepared without atomic hydrogen (3 ps). The photoresponsivity reached 13 mA/W at
1.31 um, which is the highest value ever reported for ff-FeSi, films. © 2011 American Institute of

Physics. [doi:10.1063/1.3596565]

. INTRODUCTION

Semiconducting iron disilicide (f-FeSi,) has been
attracting considerable interest as a Si-based material operat-
ing at optical fiber communication wavelengths. f-FeSi, has
a bandgap of approximately 0.78 eV,' and a very high opti-
cal absorption coefficient of over 10> cm™ ' at 1 eV.? Over
the past two decades, there have been numerous reports on
the development of infrared light-emitting diodes and detec-
tors using f-FeSi,.>™® In particular, a photoresponsivity of
over 100 mA/W for 1.31 um light for n-type f-FeSi, single
crystals has renewed interest in this material.”'® The photo-
responsivity obtained for f-FeSi, thin films has been increas-
ing each year.'"' However, the highest photoresponsivity
obtained so far for f-FeSi, thin films (3.3 mA/W at 1.31 um)"?
is still more than one order of magnitude smaller than that
for n-type f-FeSi, single crystals. This difference is attributed
to different minority-carrier diffusion lengths in f-FeSi,.
An electron-beam-induced current (EBIC) technique revealed
that the minority-carrier diffusion length in single crystalline
n-type B-FeSi, is approximately 50 um.'” In contrast, the mi-
nority-carrier diffusion length of fS-FeSi, films has not been
reported. The lower photoresponsivity (and thus shorter minor-
ity-carrier diffusion length) in -FeSi, films is probably due to
defects at the grain boundaries of f}-FeSi, epitaxial variants on
Si substrates'>™!” and high residual carrier (hole) concentra-
tions reaching approximately 10" cm™* at room temperature
(RT)."® The grain boundaries of -FeSi, are caused mainly by
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the small difference between lattice constants b and ¢ of f-
FeSi,. In the present study, we attempted to reduce the residual
hole concentration.

It is well known that the conduction type of f-FeSi,
depends on the atomic ratio of Si to Fe.'*? Tani and Kido
performed first-principles calculations of defects in f-FeSi,
using density functional theory. They showed that Si vacan-
cies have lower formation energies than Fe vacancies in
p-FeSi,, and that crystals containing Si vacancies exhibit
p-type conduction.”® Thus, the high hole concentration in
undoped p-type ff-FeSi, is considered as due to the presence
of Si vacancies. Al doping has been reported to be an effec-
tive way to substitute for Si vacancies.”* However, there
have been only a few reports on methods to reduce the resid-
ual carrier concentration in f-FeSi,.>>?® Yoneda et al.
achieved carrier concentrations of the order of 10'® cm ™ by
precisely controlling the growth conditions in molecular-
beam epitaxy (MBE).>> Shaban et al. suggested that intro-
ducing atomic hydrogen might be effective for reducing the
carrier concentration of FeSi, films, based on the observation
that the resistivity of semiconducting nanocrystalline FeSi,
increased when atomic hydrogen was introduced during
sputtering.”® From an engineering perspective, we consider
that atomic hydrogen irradiation is more practical than pre-
cisely controlling the MBE growth conditions. However, no
experimental data have been reported that demonstrate that
atomic hydrogen is effective for reducing the residual carrier
concentration of f-FeSi,. In this study, we reduced the car-
rier concentration by more than two orders of magnitude in
undoped f-FeSi, by using atomic-hydrogen-assisted MBE.
The minority-carrier diffusion length and minority-carrier

© 2011 American Institute of Physics
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lifetime were measured in order to confirm this reduction.
The photoresponsivity measured at 1.31 pum on a simple
Al/n-type f3-FeSi, Schottky diode is also discussed.

Il. EXPERIMENTAL METHOD

p-FeSi, films were epitaxially grown via MBE on 500-
pm-thick n-type floating-zone (FZ) Si(111) (n ~ 10'* cm ™)
and n-type Czochralski (CZ) Si(111) (n=7x 10" cm™)
substrates. The growth procedure employed for fi-FeSi, films
is the same as that used previously.?” Atomic hydrogen was
generated by heating a tungsten filament at approximately
1800°C; the substrate was continuously irradiated with
atomic hydrogen during growth. The cracking efficiency of
the atomic hydrogen source was approximately 3% at
1800°C.*® The beam equivalent pressure of hydrogen Py,
was kept constant during growth, but it was varied from sam-
ple to sample as follows: 0 Pa (samples A and D), 8 x 10~°
Pa (samples B and E), and 8 x 10~* Pa (sample C). The sam-
ples were prepared as summarized in Table I.

X-ray diffraction (XRD) was used to characterize the
crystalline quality of the grown films. Electron backscatter
diffraction (EBSD) was performed on samples A—C along the
normal direction of the f-FeSi, films at intervals of 0.1 ym in
order to analyze the grain size and preferential orientation of
the films. The carrier concentration and mobility were meas-
ured at RT on samples A-C, which were the f-FeSi, films
grown on the high-resistivity FZ-Si(111) using the van der
Pauw method. The applied magnetic field was 0.54 T normal
to the sample surface. Minority carrier diffusion lengths were
measured via EBIC technique in the edge-scan configuration
with a Hitachi S4300 field-emission scanning electron micro-
scope (SEM) in EBIC mode at RT. The acceleration voltage
of the electron beam was 9 kV. For EBIC measurements,
Schottky contacts were formed on the f-FeSi, surfaces of
samples D and E via ultrasonic wedge bonding using Al.
Ohmic contacts were formed on the front surface of sample D
by depositing Au. Ohmic contacts were fabricated on the front
and back surfaces of sample E by depositing Al followed by
annealing at 450 °C for 20 min in N,. Minority carrier life-
times were measured using the microwave photoconductance
decay (u-PCD) method using a light pulse with a wavelength
of 904 nm. The photon flux was kept constant at 5 x 10"
photons/cm?. The photoresponse spectrum of sample E was
measured via a lock-in technique using a xenon lamp with a
25-cm-focal-length single monochromator (Bunko Keiki, SM-
1700 A). The photogenerated currents were measured in the

TABLE I. Sample preparation, substrate and growth thicknesses of reactive
deposition epitaxy (RDE)- and MBE-grown f-FeSi, layers, and beam-equiv-
alent pressure Py, during atomic-hydrogen irradiation.

Sample Substrate RDE/MBE (nm) Py, (Pa)
A FZ-n-Si(111) 20/560 —
B FZ-n-Si(111) 20/260 8x 1077
C FZ-n-Si(111) 20/560 8x 1074
D CZ-n-Si(111) 20/500 —
E CZ-n-Si(111) 20/630 8x107°

J. Appl. Phys. 109, 123502 (2011)

lateral direction for various bias voltages applied between the
Al ohmic contacts (stripes spaced at 1.5 mm on the surface).
The light intensity was calibrated using a pyroelectric power
meter (Melles Griot, 13PEMO001/J). The photoresponsivity of
the Al/n-f3-FeSi, Schottky diode was measured by irradiating
sample E with a 0.78 mW, 1.31 um laser beam at RT. The
spot size of the laser beam was approximately 50 um, and the
emission power was measured using a Ge optical power meter
(Newport, 1815-C).

lll. RESULTS AND DISCUSSION
A. Electrical properties

Figures 1(a)-1(c) show 6-20 XRD patterns of samples
A-C, respectively. As shown in Figs. 1(a) and 1(b), peaks
from [110]- or [101]-oriented f-FeSi, are dominant. This ori-
entation of ff-FeSi, relative to the Si(111) surface is consistent
with the epitaxial relationship between the two materials.'?
However, on increasing Py, the [110] or [101] orientation of
p-FeSi, degraded in sample C. Instead, the diffraction peaks of
[100]-oriented f5-FeSi, became intense, as shown in Fig. 1(c).

A similar tendency is observed in the EBSD maps shown
in Figs. 2(a)-2(c). The mappings indicate that the 5-FeSi,(110)
(blue) and (101) (yellow) planes in samples A and B are
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FIG. 1. 6-20 XRD patterns for (a) sample A, grown without atomic hydro-
gen, (b) sample B, grown with Py =8 x 1077 Pa, and (c) sample C, grown
with Pyo =8 x 10™* Pa. The forbidden diffraction peak of Si(222) indicated
by the asterisk occurs due to double diffraction.
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FIG. 2. (Color) EBSD mappings observed along the normal direction for f-
FeSi, in samples (a) A, (b) B, and (c¢) C.

parallel to the sample surface, but that they are not parallel
to the surface in sample C. The grain size can be determined
from the areas of regions with the same color. The grain size
is roughly estimated to be a few micrometers in sample A,
but it decreases with increasing Pyy».

Secondary ion mass spectroscopy revealed the presence
of hydrogen atoms in samples B and C, as shown in Fig. 3.
Even sample A contains hydrogen, probably because of re-
sidual hydrogen in the chamber.

Figure 4 shows the measured carrier concentrations and
mobilities of samples A—C at RT. We did not observe any
nonlinear variation of the Hall voltage with magnetic field.*
Sample A had a hole concentration p of 3.0 x 10" cm ™ and
a hole mobility g, of 1.3 cm?/V-s. In contrast, -FeSi, grown
via atomic-hydrogen-assisted MBE had a much lower carrier
concentration and a much higher carrier mobility. The con-
ductivity changed from p- to n-type in sample B, prepared

~~ ]

2]

=

S 1 Sample C . .

S | o B-FeSi, Si

< i

b ] ’.“"i-b

£ s

(=l "

g Sample B Py o

- _] amp c '.n-'#jl'r‘:f. H _,v-;?
1. . b J.r\

8 :"-"-"‘.‘.l.-'-.’\!\’__é-_ s ,_}“"! !@!

S NN

< ] '/\‘v\'// '\.\/' s

<

§ Sample A

[ .

95} Normalized depth

FIG. 3. SIMS depth profiles of hydrogen atoms in samples A—C.
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FIG. 4. Dependence of the carrier concentration (M, @) and mobility
(d, O) in f-FeSi, films (samples A—C) measured at RT on Py,.

with P> =8 x 107> Pa, and the residual carrier (electron)
concentration n decreased significantly to 7.8 x 10'® cm ™3,
whereas the electron mobility i, increased to 130 cm?*/V-s.
Furthermore, n decreased (1.3 x 10'® cm ) and e increased
(330 cm?/V-s) in sample C when Py, was further increased
from 8 x 10> to 8 x 10~ * Pa.

These results imply that f-FeSi, films grown via atomic-
hydrogen-assisted MBE have drastically lower carrier concen-
trations than do f3-FeSi, films grown without atomic hydrogen,
but that excess hydrogen supply degrades the crystalline qual-
ity of p-FeSi,. It was difficult to perform reliable Hall meas-
urements on the f-FeSi, films of samples D and E because of
the low resistivity of the Si substrates. However, the [-FeSi,
films in samples D and E are strongly expected to exhibit char-
acteristics similar to those in samples A and B, respectively.
We speculate that the reduced carrier densities of samples B
and C can be attributed to compensation not by n-type dop-
ants, but by the inactivation of Si vacancies by hydrogen ter-
mination or by a reduction in the number of Si vacancies. This
is because doping with n-type impurities can change the car-
rier type from p- to n-type; however, the observed reduction in
the carrier density of more than two orders of magnitude is
unlikely in this case. Further studies are required in order to
determine the exact mechanism for this reduction in the carrier
concentration. We consider that positron annihilation lifetime
spectroscopy is a powerful technique for evaluating the density
of Si vacancies in f-FeSi,.

B. Minority-carrier diffusion length measured via EBIC

We next discuss the minority-carrier diffusion length
measurements of -FeSi, films via EBIC. Based on the crys-
talline quality of f-FeSi,, we hereinafter employ the growth
conditions for sample B (Py, =8 X 10> Pa) rather than those
for sample C (Pyp =8 x 10~* Pa). For EBIC measurements,
we formed a Schottky contact using an Al wire and an ohmic
contact on either surface of the f(-FeSi, film, as shown in
Fig. 5(a). Figures 5(b), 5(b'), 5(c) and 5(c’) show SEM and
EBIC images around the Al contact on f-FeSi, films grown
without atomic hydrogen (sample D) and with atomic hydro-
gen at Py, =8 X 107> Pa (sample E), respectively. In the
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(a)

Schottky contact

Ohmic contact
100 um

50 um

FIG. 5. (a)—(c) SEM and (b'),(c’) EBIC images around the Al contact on
f-FeSi, films in samples (a),(b),(b’) D and (¢),(c’) E.

EBIC method, minority carriers generated within the diffusion
length in p- and n-type f-FeSi, are concentrated by the elec-
tric field around the Al contact and detected as a current in the
external circuit in samples D and E, respectively. In Figs.
5(b') and 5(c’), the brighter regions indicate higher concentra-
tions of electron-beam-induced carriers in f-FeSi,. Figure 6
shows semilogarithmic plots of EBIC line-scan profiles of
samples D and E. The EBIC profiles show a clear exponential
dependence on the distance from the Al contacts. In this study,
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FIG. 6. (Color online) Semilogarithmic plots of EBIC line-scan profiles
measured on f-FeSi, films in samples D and E.
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the minority-carrier diffusion lengths were estimated to be
approximately 8.2 um for sample D (grown without atomic
hydrogen) and approximately 16.6 um for sample E (grown
with atomic hydrogen at Py, =8 x 107> Pa), assuming that
the EBIC profile varies as exp (—x/L), where x is the distance
from the Al edge along the line and L is the diffusion length
of minority carriers. These results indicate an increased mi-
nority-carrier diffusion length in f-FeSi, in sample E. How-
ever, the minority-carrier diffusion length of 16.6 um in
sample E is still much smaller than the 50 um obtained for the
single-crystalline n-type f-FeSi,.'” This is thought to be due
to defects at the grain boundaries in the fS-FeSi, films, as
shown in Fig. 2.

C. Minority-carrier lifetime using u-PCD

Next, we measured the minority-carrier lifetimes at RT
for the [-FeSi, layers in samples D and E. Figures 7(a)
and 7(b) show the decay curves of reflected light using a 904-
nm light pulse. At this wavelength, the absorption coefficient
of B-FeSi, is more than 2 x 10° cm™'.** Therefore, most pho-
tons are likely to be absorbed in the f-FeSi, layers. From the
decay curves, the 1/e decay time was extracted as a measure
of the minority-carrier lifetime; that is, 3.2 us and 17.4 us for
samples D and E, respectively. The diffusion length L is
related to the carrier lifetime 7 by L = V/Dt, where D is the
diffusion coefficient. The square root of the ratio of the minor-
ity-carrier lifetime \/17.4 us/3.2 us = 2.3 is in good quanti-
tative agreement with the ratio of the minority-carrier
diffusion length (16.6 um/8.2 um) = 2.0. Therefore, the
enhancement of the minority-carrier diffusion length is attrib-
uted to the increase in the minority-carrier lifetime caused by
the reduction in the residual carrier concentration in 3-FeSi,.

D. Photoresponse

We chose sample E for photoresponse measurements.
Figure 8 shows the temperature dependence of photoresponse
spectra obtained for sample E. Five volts were applied
between the striped Al electrodes spaced at 1.5 mm. Light
absorption produces electron—hole pairs that are separated by

(a) Sample D

T=3.2ps

Signal (arb. units)

204060
Time (us)

M 1 " " 1 M
0 20 40 60 80 O
Time (us)

FIG. 7. (Color online) Decay curves of reflected light intensity for f-FeSi,
films measured via u-PCD in (a) sample D and (b) sample E. Measurements
were performed at five different points on each sample.
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FIG. 8. (Color online) Temperature dependence of photoresponsivity in
sample E.

the electric field between the electrodes, leading to current
flow in the external circuit as the photoexcited carriers drift
before recombining. The photocurrents increased sharply at
around 0.78 and 1.1 eV. These energies correspond to the
optical absorption edges of f-FeSi, and Si, respectively. The
observed photoresponsivity due to f-FeSi, reached a maxi-
mum at around 100 K, but it became too small to detect at
RT. This is because photoexcited carriers drifted in the lateral
direction in this measurement, and thus the carriers are likely
to experience grain boundaries, as shown in the EBSD map-
pings of Fig. 2. In contrast, an enhanced photoresponsivity
can be strongly expected for carriers traveling in the normal
direction as in pn or Schottky junctions, because a much
larger built-in electric field exists around the junction, and
also because the distance that photoexcited carriers must

10 _(a) (b) 1.31 um laser light
r RT
210k Forward 25-pm-¢ Al
= Schottky
g F contact "y
= r y R(1Q)
S 10»52_ Reverse o-f-FeSi
2 CZ n-Si(111) Vi
I' — '0{5' = Ill.O Ol_lmic contact
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’<E‘ C
2 10| - mmttn - oA s
‘qE) r Laser on . Laser on - Laser on
E sk .
Q -
% C (c) Off': Off
= 0C_ 1 L T, L
A~ 0 10 20 30 40 50
Time (s)

FIG. 9. (a) I-V characteristics of the Al/n-f-FeSi, diode in sample E. (b)
Schematic setup for the photoresponsivity measurement. (c) Photoresponse
of the diode when the 0.78 mW, 1.31 um laser is on and off.
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travel is much shorter than that in the present case. Thus, we
measured the photoresponsivity in the Al/n-f-FeSi, Schottky
diode.

Figure 9(a) shows the current—voltage (/-V) characteris-
tics of the Al/n-f-FeSi, Schottky diode (sample E) under
dark conditions. An ohmic contact was formed on the back-
side with Al. More current flows when a positive bias is
applied to the Al wire with respect to the n-Si substrate.
These results reveal that the Al/n-type [-FeSi, junction
forms a Schottky diode even though there are some leakage
currents. Figure 9(b) shows the schematic setup for the pho-
toresponse measurement. A 1.31 um laser light was incident
in the same way as reported in Refs. 13 and 14. Upon laser
light irradiation, the photoresponsivity reached approxi-
mately (10 #A/0.78 mW) = 13 mA/W, as shown in Fig.
9(c). This value is the highest value ever reported for f3-
FeSi, films. At present, the f;-FeSi, grain size is a few micro-
meters, which is much smaller than the laser spot size (50
um) used in optical measurements. Thus, we think that a
much higher photoresponsivity can be safely expected in
p-FeSi, films that have much larger grain sizes.

IV. SUMMARY

We have epitaxially grown f-FeSi, films on Si(111) via
MBE using a cracking cell for generating atomic hydrogen.
The conduction type changed from p- to n-type, and the car-
rier concentration was two orders of magnitude (of an order
of n =~ 10'® cm™>) lower than that for films grown in the ab-
sence of atomic hydrogen. The minority-carrier diffusion
length increased from approximately 8 ym to 16 um, and
consequently the minority-carrier lifetime increased by a fac-
tor of approximately four. A photoresponsivity of approxi-
mately 13 mA/W was obtained at 1.31 um.
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