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Hydrogenated Amorphous-Silicon/Crystalline-Silicon
Heterojunctions: Properties and Applications

HIDEHARU MATSUURA

Abstract—Fundamental properties of amorphous silicon/crystatline-
silicon heterojunctions are studied through their capacitance-voltage
{C-V) and current-voltage (/-V) characteristics. In light of the het-
erojunction properties, applicability to devices such as vidicon targets,
gamma-ray detectors, solar cells, and heterojunction bipolar transis-
tors is discussed.

I. INTRODUCTION

YDROGENATED amorphous silicon (a-Si:H) has

been a highly important material for device applica-
tions. In order to make use of both the good properties of
a-Si: H and crystalline silicon (c-Si), electric and photo-
electric properties of a-Si:H/c-Si heterojunctions have
been intensively studied. Various models [1]-[3] were
proposed to explain capacitance-voltage (C-V') or cur-
rent-voltage (I-V) characteristics of a-Si:H/c-Si het-
erojunctions. In this paper, typical C-V and /-V charac-
teristics are discussed in a simple structure of an undoped
a-Si:H/p-type c-Si (p c-Si) heterojunction, and the ac-
tion mechanisms as well as the advantages of a variety of
devices utilizing these heterojunctions are then explained
on the basis of their fundamental properties.

II. FUNDAMENTAL PROPERTIES OF a-Si:H/c-Si
HETEROIUNCTIONS

A. Sample Preparation

In order to fabricate a simple heterojunction diode, gold
{ Au) was evaporated onto a back side of p c-Si with the
acceptor density of 10'® cm ™*, and p c-Si with evaporated
Au was then heated up to 400°C for | min in order to get
a good ohmic contact between the p c-Si and the Au. An
undoped a-Si: H film (about 1.2 um thick) was deposited
by glow-discharge (GD) decomposition of pure SiH, gas
onto the p c¢-Si surface that was heated to 260°C. Mag-
nesium (Mg) was evaporated on the a-Si: H film with an
area of 0.785 mm” at room temperature since Mg is known
to form a good ohmic contact with undoped a-Si:H [4].
A structure of the heterojunction is schematically shown
in the inset of Fig. 1.

B. Capacitance-Voltage Characteristics

Fig. | shows the high-frequency (1 MHz) C-V char-
acteristics of the heterojunction, showing typical high-
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Fig. 1. Capacitance-voltage characteristics of the undoped a-Si: H/p ¢-Si
heterojunction.

frequency C-V characteristics of amorphous/crystalline
heterojunctions. Two analyses were proposed in order to
explain these C-V characteristics: 1) a metal-oxide-semi-
conductor (MOS)-type analysis [1], where a-Si:H be-
haves like an oxide layer; and 2) a p-n junction-type anal-
ysis [2], [5]. The essential difference between them is as
follows. In the MOS-type analysis, the quasi-Fermi level
for electrons is assumed to coincide with the quasi-Fermi
level for holes in the depletion region, which means that
the Fermi level can be defined even in the depletion re-
gion at any applied voltage. Therefore, this analysis
should be applied to a heterojunction across which a cur-
rent does not flow. In the p-n junction-type analysis, on
the other hand, the quasi-Fermi level for electrons is sep-
arated from the quasi-Fermi level for holes in the deple-
tion region when a voltage is applied across the junction.
Therefore, the p-n junction-type analysis should be ap-
plied to a heterojunction across which a current does flow.
Since this heterojunction behaves like a p-n heterojunc-
tion (which is mentioned in Sections 1I-E and F), these
C-V characteristics should be discussed by the p-n junc-
tion-type analysis.

The depletion region formed by the heterojunction is
taken into consideration. When a reverse bias voltage is
applied, it produces space-charge layers both in a-Si: H
and in ¢-Si. Since this p ¢-Si has only shallow acceptors,
the space charge in the p ¢-Si is formed by negatively
charged acceptors. However, localized states in a-Si:H
distribute within the gap. Let us discuss the origin of the
positive space charge in a-Si: H using Fig. 2. In the neu-
tral region, all the gap states below the Fermi level ( Er)
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Fig. 2. Schematic sketches of the heterojunction; (a) energy-band dia-
gram; (b) potential variation: (c) space-charge density for a reverse bias
voltage: (d) charge in response to a small }-MHz ac voltage to measure
capacitance. The gap slates as indicated by the black area behave like
positively charged states. and the states as indicated by the hatched area
of {a) are occupied by electrons.

are occupied by electrons, whereas in the depletion re-
gion, the gap states above Egg, are devoid of electrons,
where E g, is determined from the condition that the ther-
mal emission rate for electrons is equal to that for holes
and given by [5]

Eop = Ey + Ep /2 + (kT/2) In (,/v,) (1)

where », and v, are the attempt-to-escape frequencies for
holes and electrons, respectively. Therefore, the gap states
in the area painted in black in Fig. 2(a) behave like pos-
itive space charges (herein referred to as donor-like
states). The density of the donor-like states is constant in
the spatial position between 0 and W,. This, together with
the density of donors (if they exist), gives the effective
density of the donor-like states (N,), as shown in Fig.
2(c). Fig. 2(b) shows the potential variation with distance
where Vj is the built-in voltage. The depletion widths (W),
and W,) are given by

gN W, = gNW, (2)

with
Wi = [2¢a(Var = Vi) /aN,]"”? (3)

and
W, = [26.\2( Ver — Vz)/qu]l/z- (4)

Here, ¢, is the semiconductor permittivity. In Fig. 2(a), §
is the energy difference between the Fermi level and the
nearest band edge, E, the energy bandgap, W the width
of the depletion region, L the thickness of a-Si:H, and
A E the discontinuity in energy between band edges of the
two semiconductors. The subscripts | and 2 refer to
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p c-Si and a-Si: H, respectively, and the subscripts C and
V refer to the conduction band and the valence bond, re-
spectively.

The capacitance was measured with a small ac voltage
at | MHz. The resistivity p, of this p c-Si is about 1 2cm
so that the dielectric relaxation time (¢,,p, ) becomes 10~
s, indicating that the capacitance C, in ¢-Si is given by

(5)

On the other hand, the resistivity p, of undoped a-Si: H
used is about 10° Qcm. Then, the dielectric relaxation time
becomes 10?5, suggesting that the undoped a-Si: H film
acts as a dielectric material under the 1-MHz ac voltage;
therefore, the capacitance C, in a Si:H can simply be
given by:

C = fsl/Wl-

CZ = ExZ/L' (6)
The measured capacitance C at 1 MHz is expressed as:

because the redistribution of charge can spatially respond
to the 1-MHz ac voltage at W, and L, as shown in Fig.
2(d). From (2)-(4), the following equation is obtained:

(Ver = V1)/ (Ve = V) = N /Nsey. (8)

Finally, the next equations are derived from (3), (5), (7)
and (8):

wi (9)

(10)

Fig. 3 shows the W? versus V relationship, which was
replotted from the data in Fig. 1. The data reveal a good
linear relationship, indicating that the p-n junction-type
analysis is applicable to the present system. As is clear
from (10), values of N, and Vg can be graphically deter-
mined from the slope of the line and the intercept on the
abscissa, respectively. From Fig. 3, for example, N, and
Vg were 3 x 10'° cm™* and 0.35 V, respectively. The
number of the a-Si:H/c-Si interface states is important
for discussing the validity of N,, but the experimental de-
termination of the number is quite difficult. However, al-
though the straight line could not be obtained in the low
reverse bias region (0 V < V < -2 V) if the interface
states affected the C-V characteristics very much, the
straight line was obtained as shown in Fig. 3. On simple
calculation, N, of 3 X 10'* cm ™2 is close to the real bulk
density when the number of the interface states is smaller
than 10'' ¢cm™2. Since N, value obtained from Fig. 3 was
close to the bulk spin density obtained from electron-spin-
resonance (ESR) measurements of the specimens pre-
pared from the identical deposition conditions where sur-
face state contributions were estimated by results from a
series of films over a range of thicknesses, N, is thought
to represent the density of singly occupied dangling bonds.

2
{ea(1/C - 1/C)}
= e,V (Vg — V)/GN4(N4seo + Niyo).
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Fig. 3. Width of the depletion region in p c-Si as a function of bias volt-
age.

C. Band Discontinuity
The conduction-band discontinuity is expressed by

(11)

where 8, is estimated from N,, and 8, is obtained as the
activation energy of dark conductivity of a-Si: H. From
Fig. 3, AE. was estimated as 0.14 eV using 6, = 0.18
eV, 8, =0.73eV,and E;; = 1.12 eV. The average value
of AE. in a lot of experimental data was 0.20 eV [2],
indicating that the main-band discontinuity occurs in the
valence band because AE- + AE, = E,;, — E,,. Similar
results were recently obtained from a study of internal
photoemission {6].

In the cases of sputtered (SP) a-Si:H {7] and evapo-
rated (EV) amorphous silicon (a-Si) [8], however, AEy
was reported to be close to zero. The values of A E and
AE, depend on properties of interface as well as struc-
tures of amorphous films (e.g., hydrogenated or not).
Therefore, they are strongly correlated with the deposi-
tion methods, such as GD, SP, and EV.

AE(‘ = 5, + 62 - Egl + qVB

D. Transient Capacitance

Fig. 4 shows the change in the capacitance of the het-
erojunction after a reverse bias voltage ( —4 V) is applied
to the sample under the zero-bias condition. Since a-Si: H
possesses deep gap states whose emission rates are small,
the capacitance gradually decreases with time ¢. From this
transient behavior of capacitance, a density-of-state dis-
tribution g( £) in undoped a-Si: H can be defined {5]. This
method may be a powerful technique for determining g(E)
in undoped a-Si: H because it has been difficult to obtain
g(E) in such a highly resistive material by the conven-
tional transient capacitance method using Schottky-barrier
diodes.

From (9) and (10), N, at ¢ can be expressed as

Nl(t) = quE“W 1)2/[26;]&;2( VB - V)

~ gN4e W (1)] (12)
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Fig. 4. Transient capacitance.
with
Wi(1) = eq(1/C(1) — 1/Cy) (13)

where C(t) is the capacitance at ¢, and W (¢) is the de-
pletion width in the c-Si at t. The function H(t) is defined
as:

H(t) = 1[dAN,(t (14)

)/ dt]

with
AN/(1) = Ni(1) — Ny(o0). (15)

On the other hand, H(r) is theoretically derived as [5]

Fc
H(1) = SEV [f(E) — Fu(E)]g(E)[eE) + efE)]
- exp { —[eE) + e,(E))t}dE (16)
where
f(E =1/{1+ exp[ E - E;)/kT]}  (17)
Fo(E) = ¢,(E /[e,, eE)] (18)
e,,(E) =, exp [(E — E) /kT] (19)
and
e(E) = v, exp [(E, — E)/kT]. (20)

Finally, we can obtain g(E) from the fitting procedure.
In Fig. 5, the best-fit g(E ) for the sample is shown.

E. Forward Current-Yoltage Characteristics

Fig. 6 shows the I-V characteristics [a) log I-log V,
and b) log I-V plots] of the heterojunction and also shows
typical I-V characteristics of amorphous/crystalline het-
erojunctions. Two current transport mechanisms were
proposed in order to explain these /-V characteristics: 1)
a bulk-limited (space-charge-limited) current-transport
mechanism [3] and 2) a junction-limited current-transport
mechanism [2]. The essential difference between them is
whether the resistance of the depletion region is greater
or smaller than that of the amorphous film. Namely, a bias
voltage is applied across the whole range of amorphous
film in the bulk-limited case, and it is applied across the
depletion region in the junction-limited case.
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Fig. 5. Density-of-state distribution in undoped a-Si: H.
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Fig. 6. Current-voltage characteristics; (a) log {-log V plots and
(b) log I-V plots.

Since the resistivity and thickness of this a-Si: H were
about 10° Qem and about 1.2 um, respectively, the cur-
rent expected from the resistance of the a-Si: H is about
33 X 107 A at 0.05 V for an area of 0.785 mm’. Al-
though the current at forward voltages lower than 0.05 V
seems to be an ohmic current in Fig. 6(a) because / o< V,
the current at 0.05 V is much smaller than 3.3 x 1077 A.
Judging from the magnitude of the current, the forward
current at <0.4 V is thought to be limited by the het-
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erojunction. The voltage dependence of the junction-lim-
ited current can be expressed as:

[ o exp (AV) — | (21)
where A is independent of the voltage. The current seems
to be proportional to V lower than 0.05 V because
exp (AV) can approximately expand 1 + AV in Taylor’s
series at V < 0.05 V.

Three models for explaining the current of heterojunc-
tions are presented: 1) A4 is independent of the measuring
temperature 7 for a tunneling model, 2) A = q/kT for a
diffusion model, and 3) A = q/2kT for a recombination
model. Fig. 7 shows the temperature dependence of the.
forward current from which the following relation could
be obtained:

I = I exp (AV) (22)

with

Iy o« exp (—AE,/kT) (23)
where AE, is the activation energy of I,. Because A4 is
independent of T, the forward current is limited by a tun-
neling process.

The localized states are quasi-continuously distributed
within the gap of a-Si:H spatially as well as energeti-
cally. It is reasonable to expect a multistep tunneling pro-
cess to be dominant rather than a one-step tunneling pro-
cess since the probability of multistep tunneling is much
greater than that of one-step tunneling {9]. In order to ex-
plain these /-V characteristics, a multistep-tunneling cap-
ture-emission process {2} was proposed, as expressed in
the inset of Fig. 7. A hole in the valence band of p ¢-Si
flows from one localized state to another in a-Si: H by a
multistep tunneling process, and it keeps flowing near the
edge of the depletion region of a-Si: H. This hole is then
recombined with an electron in the conduction band of
a-Si: H, or it is emitted to the valence band of a-Si: H.
This multistep tunneling process leads to the voltage de-
pendence in (22), whereas the temperature dependence in
(23) arises from either recombination or emission process
of the tunneling hole. This model is now widely sup-
ported by other groups {10}, {11].

F. Reverse Current-Voltage Characteristics

The a-Si:H /c-Si heterojunction can keep a dark cur-
rent small even at a higher reverse bias voltage range, as
is shown in Fig. 6. From (21) and (22), a saturated value
of the reverse current is expected to be /;,. However, the
reverse current exceeds the value of /;, indicating that the
reverse current should be limited by another transport
mechanism. Fig. 8 shows the reverse current as a function
of (V4 ~ V)2, which is replotted from the data of Fig.
6. When the generation current is taken into account in
the depletion region, this current should be proportional
to the width of the depletion region that varies with (Vp
—~ ¥)'/2. The data show a good linearity in the range of
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Fig. 7. Temperature dependence of the forward current. The schematic
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-0.5V < ¥V < -5V, indicating that this reverse current
is limited by the generation current in the depletion re-
gion.

III. AppPLICATIONS OF HETEROIUNCTIONS
A. Vidicon Targets Without a p-n Diode Array

As an ultrahigh-photosensitive image-pickup tube, a
silicon-intensifier target (SIT) tube with a p-n diode-ar-
rayed ¢-Si target has been widely used. In this SIT tube,
photoelectrons produced on the photoelectric surface are
accelerated, and they generate a lot of electron-hole pairs
in ¢-Si., which changes the charging condition on the scan-
ning-electron-landing surface. This is the action mecha-
nism of the conventional SIT tube. Disadvantages of the
conventional SIT tube with a p-n diode-arrayed c-Si target
are 1) the blooming effect due to the diffusion of excess
carriers into adjacent p-n diodes, 2) the low resolution
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limited by the pitch of the diode array, and 3) the picture
defects introduced in the fabrication process, which in-
cludes a high-temperature process for making p-n junc-
tions. As a matter of course, the heterojunction targets
such as ¢-Si/CdTe and c-Si/Sb,S; without a diode array
were proposed, but these heterojunctions did not exhibit
rectifying properties that were good enough to get a high
photo-to-dark current ratio.

The a-Si: H/c-Si heterojunction, in this sense, has the
following advantages: 1) the heterojunction has a good
rectifying property, indicating a small dark current under
a large reverse bias condition; 2) the depletion region in
c-Si, where the electron-hole separation takes place,
spreads widely in the reverse bias condition, resulting in
a large photocurrent. These are the advantages for getting
a high signal-to-noise (S/N) ratio. In addition to the ad-
vantages in the action mechanism, the low-temperature
process for the fabrication of the heterojunction is another
advantage for preventing the defect formation in c-Si.

Fig. 9 shows a schematic diagram of a vidicon target
having an a-Si:H/c-Si heterojunction [12]. Electrons
thermally emitted from a cathode land on the surface of
Sb,S; (about 500 A thick), and an electron-charged layer
appears. The highly resistive boron (B)-doped a-Si:H
layer (B,Hq/SiH, = 2.5 x 107°) prevents the electrons
from flowing into the c-Si side. The charged condition of
this surface is kept in the dark until next scanning elec-
trons come to this spot (about 0.03 s). When the c-Si side
is illuminated, electron-hole pairs are mainly generated in
¢-Si. The electric field formed by the n* c-Si/n ¢-Si con-
tact enhances the separation of electron-hole pairs gener-
ated near this contact. The holes separated by the het-
erojunction move to the Sb,S; layer. The a-Si:H layer
also prevents those holes from diffusing in parallel to the
surface because of a low diffusion coeflicient of a-Si: H.
The holes are recombined with the electrons, resulting in
the change in the charging condition on the surface of
Sb,S;. When scanning electrons come to this area again,
a current flows in the circuit.

The actual reported values for this kind of vidicon are
as follows [12]: the dark reverse current and sensitivity
were 10 nA and 430 nA /lux at —6 V, respectively, which
reach the values of well-defined c-Si targets with the p-n
diode array; the horizontal resolution was attained to be
more than 800 television lines, and the picture obtained
had few defects, no blooming, and no burning, which
makes it superior to those of the conventional c¢-Si vidicon
target.

B. Gamma-Ray Detectors

A ~v-ray detector requires a high-absorption coefficient
for y-ray, a wide depletion region, and a small dark re-
verse current. Although crystalline semiconductors (c-Ge,
c-HgTe, and c-GaAs) consisting of atoms having heavy
masses are suitable materials for y-ray absorption, c-Si is
considered to be the appropriate material for the y-ray
(<100 keV) detector at the present stage because one
expects to easily get a small dark reverse current as well
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as a wide depletion region due to its ultralow-impurity
and defect levels. However, a high-temperature process
such as solid-state diffusion of impurities or ion implan-
tation followed by annealing to form a p-n homojunction
(which produces additional defects in ultra-high purity
c-Si, resulting in an increase of the dark reverse current
and a decrease of the depletion region), is required.

The a-Si: H /c-Si heterojunction y-ray detector has ad-
vantages such as low temperature and simple fabrication
processes and good junction properties. An undoped
a-Si:H /p c-Si heterojunction [13] was fabricated as fol-
lows. Undoped a-Si: H ( 1-pm thick) was deposited by GD
decomposition of SiH, gas onto ultrahigh-purity p c-Si
(300 pm thick with the resistivity higher than 10 k2cm)
heated to 200°C. Aluminum was evaporated on the a-
Si:H film. The characteristics of this heterojunction y-
ray detector were reported to attain those comparable with
c-Si detectors with a p-n homojunction. Moreover, this y-
ray detector can easily be applied to X-ray detectors.

C. Solar Cells

Similar to Schottky barrier (SB) and metal-thin insula-
tor-semiconductor (MIS) solar cells, amorphous/crystal-
line-heterojunction solar cells have advantages such as
simple and low-temperature fabrication processes, result-
ing in low-cost fabrication. In order to improve a low open
circuit voltage in SB solar cells, a very thin oxide layer
(about 20 A) is nceded between the metal and the semi-
conductor. However, it is quite difficult to control the
thickness of such a thin oxide layer. 1t is expected, from
this point of view, that the amorphous/crystalline-het-
erojunction solar cell shows reproducible and stable prop-
erties because the cell does not require any oxide layer.
Actually, heterojunction solar cells were reported [14]. In
B-doped a-SiC : H /n ¢-Si solar cells {15], the open-circuit
voltage of 0.54 V, the short-circuit current of 30
mA /cm?, and the efficiency of 11.38 percent under AM|1
light ( 100 mW /cm?) were achieved.
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Fig. 10. Schematic sketches; (a) an n-p-n a-Si: H/c-Si/c-Si heterojunc-
tion bipolar transistor and (b) an n-p-n c-Si homojunction bipolar tran-
sistor.

D. Heterojunction Bipolar Transistors

Advantages of HBT with a wide-bandgap emitter arise
from the discontinuities (AE, and AE,) between the two
semiconductors. Fig. 10 shows the energy-band diagram
of an n a-Si: H/p ¢-Si/n ¢-Si transistor compared with
that of a c-Si homojunction transistor. Since the large bar-
rier in the valence band between a-Si:H and c-Si effec-
tively prevents any holes from reaching the a-Si: H, the
base doping level can be higher, and the emitter doping
level can be lower. A high common-emitter-current gain
hgp defined by 91/l (I is the collector current, and I
is the base current) is obtained because an injection effi-
ciency is still closer to unity.

In general, the frequency response of transistors is lim-
ited by the carrier-transit time through the base layer. The
HBT, in this sense, shows an advantage for a high-speed
operation because the base layer can be designed to be
thinner due to its higher doping level. High-speed HBT
with a crystalline/crystalline heterojunction was tried in
the field of Si-LS1. However, c-GaP as an emitter acts as
a source of undesirable dopants for c-Si, and c-SiC shows
a large lattice mismatch with c-Si. Since the dopant of the
base layer is diffused during the high-temperature growth
process of an emitter, a low-temperature process for fab-
ricating an emitter on c-Si is strongly desired. Therefore,
a-Si: H or a-SiC: H is thought to be a suitable material for
a wide-bandgap emitter. Using the n a-Si:H/p ¢-Si/n
c-Si as shown in Fig. 10(a), a maximum kg, was reported
to be 14 at a base Gummel number (GN) of 1.35 x 10"
s /cm®* [16]. The GN is defined as Qy/ Dy where Qy is the
number of impurities per unit area in the base, and Dy is
the minority-carrier diffusion coefficient in the base, and
this is inversely proportional to the minority-carrier-cur-
rent density in the base. In the case of an n a-SiC : H em-
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itter instead of a-Si: H, a maximum hgg of 120 at a GN of
about 10" s/cm* was also reported [17). Although the
large barrier in the valence band did not completely block
the flow of holes from the base into the emitter, these
HBT’s exceeded Si homojunction transistors in Agg.

The high resistance of the amorphous emitter, however,
gives some disadvantages, resulting in the reduction of
the collector current density and the reduction of high-
frequency characteristics. In order to avoid these prob-
lems, hydrogenated amorphous-microcrystalline mixed-
phase Si (uc-Si:H) or a-SiC: H with microcrystalline Si
have been investigated as a wide-bandgap emitter [18],
[19].

IV. CONCLUSION

The a-Si: H /c-Si heterojunction has junction properties
suitable for a variety of device applications such as 1) a
high forward-to-reverse current ratio, 2) a small dark cur-
rent even at a large reverse bias condition, 3) wide deple-
tion regions in both a-Si:H and c-Si, and 4) large val-
ence-band and small conduction-band discontinuities
between a-Si: H and c¢-Si. Vidicon targets and y-ray (and
X-ray) detectors make good uses of 2) and 3), solar cells
make good use of 1) and 3), and n-p-n HBT’s make good
use of 1) and 4). Another big advantage of this hetero-
junction is a low-temperature fabrication process.
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