Electrical properties of n-amorphous/p-crystalline silicon heterojunctions
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We have measured C-J characteristics and temperature dependence of J-V characteristics of un-
doped hydrogenated amorphous silicon (a-Si:H) heterojunctions formed on p-type crystalline sili-
con { p c-Si) substrates with different resistivities. It has been found that an abrupt heterojunction
modelis valid for a-Si:H/p c-Si heterojunctions, and the electron affinity of ¢-Si:H has been estimat-
ed as 3.93 + 0.07 eV from C-V characteristics. The forward current of all the junctions studied
shows voltage and temperature dependence expressed as exp( — AE, ,/kT )exp(d V'), where AE, ,
and A4 are constants independent of voltage and temperature, being successfully explained by a
multitunneling capture-emission model. The reverse current is proportional to exp( — 4E,, /
kT)(Vp, — V)''?, where V}, is the diffusion voltage and AE,,, is a constant. This current is probably

limited by generation-recombination process.

PACS numbers: 73.40.Lq, 73.60.Fw

I. INTRODUCTION

Single-crystalline heterojunctions have been extensive-
ly studied'® from the viewpoints of understanding the fun-
damental device physics as well as their applications to many
devices such as wide band-gap emitters, ”® majority carrier
rectifiers,' high-speed wide bandpass photodetectors,’
beam-of-light transistors,'®!" indirect gap injection lasers,'?
and solar cells.' Amorphous heterojunctions might also be
used for some of these applications, and, in fact, hydrogenat-
ed amorphous silicon carbide (a-SiC:H)/hydrogenated
amorphous silicon (a-Si:H) solar cells have already shown a
great potentiality.'* However, the physics of amorphous he-
terojunctions is clearly far from being understood; even the
amorphous homojunctions being not yet completely under-
stood. The study of amorphous-crystalline heterojunctions
can thus be a first step towards understanding amorphous-
amorphous junctions.

Anderson,’ Rediker et al.,> Hampshire et al.,> Riben et
al.,*® Donnelly ef al.,° and other groups have reported the
electrical properties of heterojunctions of crystalline materi-
als. Anderson has initially proposed an energy band diagram
assuming no interface states and extremely abrupt change
from one material to the other. Rediker ez al.,” Hampshire et
al.,’ and Riben ez al.* reported the experimental evidences
for supporting the abrupt heterojunction model (Anderson’s
model) through their C-¥ measurements. With regard to the
current transport mechanism of heterojunctions, Anderson’
and Perlman et al.'* put the basis of their calculations on a
Shockley diffusion model'® and a Schottky emission mod-
el,'® respectively, while Riben et al.,** Donnelly et al.,° and
Rediker er al.* have independently published tunneling
models to explain their own data.

On the other hand, there are very few reports concern-
ing amorphous-crystalline heterojunctions after the first re-

ort of Grigorovici on a-Ge/c-Ge junction.!” According to
Stourag&,'® for the case of chalcogenide material, the junction
is essentially approximated by the abrupt heterojunction and
the current transport mechanism is based on the space-
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charge-limited currents in the amorphous material. Con-
cerning a-Si:H crystalline heterojunctions, almost no data
has been published so far.

In this paper, we present a systematic study of undoped
(n~-type) a-Si:H/p-type crystalline silicon (p ¢-Si) hetero-
Jjunctions for the first time. One of the purposes of this paper
is to establish an energy band diagram of a-Si:H/c-Si hetero-
junctions, and the other is to elucidate the current transport
mechanism of those heterojunctions.

Il. EXPERIMENT

Undoped a-Si:H films were deposited by the glow dis-
charge decomposition (GD) of pure SiH, on p ¢-Si (0.005-
0.01, 0.1-0.15, 1-2, and 5-10 £2 ¢cm) and n* ¢-Si( <0.02 12
cm) substrates heated at 250 °C. Prior to a-Si:H deposition,
silicon wafers were soaked in a solution of HF to remove
SiO, and then rinsed in distilled water. A flow rate of 5
SCCM and a gas pressure of 50 mTorr were maintained dur-
ing the deposition. Magnesium (Mg) was subsequently eva-
porated on an area of 0.785 mm? of the ¢-Si:H films in a
vacuum of 7 X 10~7 Torr. Table I summarizes Mg/undoped
a-Si:H/p c-Si diodes used in the present work, where a film
thickness (L ) of a-Si:H, the resistivity (o) and the density of
acceptor impurities (V) of p ¢-Si are listed. N, was deter-
mined by C-¥ measurements on Mg/p ¢-Si Schottky barrier
diodes. The C-V characteristics of these diodes were mea-
sured at 100 kHz. The current-density versus voltage {(J-V)
characteristics were measured as a function of temperature
in the range between 297 and 374 K in N, atmosphere. Any
hysteresis effect was not observed in J-V characteristics
when the diodes were heated up and cooled down cyclically.

I1l. RESULTS AND DISCUSSION
A. Mg/undoped a-Si:H contact

In order to investigate any properties of undoped a-
Si:H/p c¢-Si heterojunctions, an ohmic contact has to be
made with undoped a-Si:H. Although heavily P-doped a-
Si:H {n™* 4-Si:H) forms an ohmic contact with undoped a-
Si:H, the samples must be heated at around 300 *C when n™
a-Si:H is deposited. This high temperature is likely to change
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TABLE I. Various data of materials and diodes used in the present work. Experimental results obtained from C-¥ characteristics are also listed.

pe-Si Undoped a-Si:H

Sample P N, 62 L 5, Vo N, E. X2
number (42 cm) {(x 10" cm™3) V) (um) (eV) b v) (X 10" em™3) {ev) (eV)
2 5-10 2.0 0.22 1.16 0.72 C 0.31 6.2 0.13 4.00

3 1-2 9.0 0.18 0.80 0.76 C 0.51 3.6 0.33 3.80

4 1-2 9.0 0.18 2.19 0.72 C 0.37 2.8 0.15 3.98

5 0.005-0.01 0 1.02 0.72 C

6 0.1-0.15 180 0.10 1.02 0.72 C

7 -2 9.0 0.18 1.02 0.72 C 0.42 39 0.20 3.93

8 5-10 2.0 0.22 1.02 0.72 C 0.38 4.0 0.20 3.93

9 1-2 9.0 0.18 1.76 0.84 1 0.37 1.6 0.27 3.86

10 5-10 2.0 0.22 1.78 0.84 I 0.20 1.8 0.14 3.99

8, = kTIn(N, /N, ), Ny = 1.02X 10" cm~* (Ref. 33).

® C: capacitively-coupled GD reaction chamber, I: inductively-coupled GD reaction chamber.

°x:0f4.13 eV and E,, of 1.12 eV (Ref. 33) are used to obtain y,.

the properties of the heterojunctions. This is one of the rea-
sons why we use Mg for getting ohmic contact with undoped
a-Si:H.!® The Mg ohmic contact is as good as that obtained
by using n* ¢-Si:H, which was previously described in com-
parison to the data of Wronski et a/. using n* g-Si:H.?° From
J-V characteristics of the Mg/undoped a-Si:H/n™ c-Si
structure {sample 1) as shown in Fig. 1, it is clear that the
Mg/undoped a-Si:H contact does not affect the J-¥ charac-
teristics of the a-Si:H/p ¢-Si heterojunctions at each tem-
perature, because the current level in the figure associated
with Mg/undoped a-Si:H contact is higher than that of a-
Si:H/p c-Si heterojunctions to be shown below.

B. Capacitance-voltage characteristics of undoped a-
Si:H/p c-Si structure

C-V characteristics of the diodes were measured at 100
kHz. This frequency is high enough to be able to neglect a
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FIG. 1. J-V characteristics of Mg/undoped a-Si:H/n* ¢-Si diode (sample 1)
measured at six different temperatures.
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dielectric relaxation process in undoped a-Si:H (around 10°
£ cm in resistivity),?"*? by which one can get information on
the depletion layer extending in the p ¢-Si side regardless of
that of the a-Si:H side. In fact, the capacitance of the diode
(sample 5) using p ¢-Si (0.005-0.01 £2 cm) instead of p ¢-Si (1-
2 and 5-10 £ cm) measured at 100 kHz showed a constant
value independent of applied voltage, coinciding with that of
the capacitance determined only by the film dimension of a-
Si:H, i.e.,

C = €O€s2 ) (1)
L

where ¢, is the free space permittivity, €, the dielectric con-
stant of a-Si:H, and L the thickness of ¢-Si:H measured by
Talystep. It clearly indicates that the measuring frequency is
higher than the reciprocal of the dielectric relaxation time of
undoped a-Si:H,?"*? and besides, the depletion layer is negli-
gibly thin in the side of p ¢-Si (0.005-0.01 £2 cm).

Figure 2 shows C-V characteristics of the sample 7 {p c-
Si:1-2 {2 cm). The capacitance level of the diode replaced by
p ¢-Si of 0.005-0.01 £2 cm (sample 5) is also indicated in the
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FIG. 2. C ~2-¥ characteristics of sample 7. The broken line is those of sam-
ples.
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figure by a broken line. Different from the conventional C-V
theory, as shown in the figure, 1/C ?is not proportional to the
applied voltage.

The C-¥ characteristics in the figure is reasonably inter-
preted by assuming an ideal abrupt heterojunction without
interface states. According to the abrupt heterojunction
model, the present undoped a-Si:H/p ¢-Si heterojunction
can be approximated by the energy band diagram as is shown
in Fig. 3, although the model might originally be presented
for the crystalline-crystalline heterojunction. y is the elec-
tron affinity, ¥, the diffusion voltage, § the distance in ener-
gy from the Fermi level to the nearest band edge, E, the
energy band gap of the semiconductor, W the width of the
depletionregion, L thethicknessofa-Si:H,AE thedifference
in energy between band edges of the two semiconductors,
and ¢,, the work function of Mg. The subscripts 1 and 2 refer
top ¢-Siand undoped a-Si:H, respectively, and the subscripts
C and V refer to the conduction band and the valence band,
respectively.

Since 100 kHz is much higher than the reciprocal of the
dielectric relaxation time of undoped a-Si:H, the capacitance
(C) measured at 100 kHz is generally expressed by the rela-
tion

1i_w L 2)

C €, €€z
where W, and ¢,, are the width of the depletion region and
the dielectric constant of p c-Si, respectively. Equation (2)
can be simplified by the reasonable assumption of €, ~¢,
into the following form:

C=—55_ (3)
L + Wl
According to the abrupt heterojunction model,?
Vo, — Vi = iv_l_ (4)
Vo — V. N,
and
Vacuum
level ]‘

Undoped a-SiH Mg

p c-Si

FIG. 3. Energy band diagram of p ¢-Si/undoped a-Si:H/Mg diode at equi-
librium.
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W, =

Vor = V) (5)
qiv 4

are easily derived, where ¥V, and ¥, are the applied bias vol-
tages being supported in the depletion region in p ¢-Si and
undoped a-Si:H, respectively, NV, the acceptor impurity den-
sity of p c-Si, N, the effective density of localized gap states in
a-Si:H and ¢ the magnitude of electric charge. From Egs. (3),
(4), and {5}, we get

2
W3=(ﬁ_L)
C

= ___26_06£N’_( Vo — V) (6)
gN,(N; + N,)

Figure 4 shows W3 vs(V, — V)relationship of the sam-
ple 7 (open circle), which was replotted from the data of Fig.
2. The data reveals quite a good linear relationship indicat-
ing that the abrupt heterojunction model is applicable to the
present system consisting of amorphous-crystalline hetero-
layer structure. Asis clear from Eq. (6), the magnitudes of N,
and ¥, are graphically determined from the slope of the
curve and the intercept on the horizontal axis, respectively,
which are listed in Table 1. Thus obtained values of N, al-
most coincide with those determined independently from
the low-frequency C-¥ measurement® on the Au/undoped
a-Si:H/n™ ¢-Si Schottky barrier diodes. The similar plot for
the sample 3 (solid triangle) is also shown in the figure, which
is deviated from a straight line. This apparent invalidity of
Eq. (6) simply originates from a thinner undoped a-Si:H lay-
er (0.8 um thick). The depletion layer spreads over a whole a-
Si:H (i.e., W, = L) when the reverse bias voltage exceeds
some critical value, resulting in an upward break of the char-
acteristic curve because much more fraction of reverse bias
voltage is supported in p ¢-Si than expected from Eq. (4).
Using the value of N, obtained from the sample 7, the critical
bias voltage at which W, reaches to L ( = 0.8 um) for the
sample 3 was calculated as around — 2 V, being in good
agreement with the data in the figure.

Mg/undoped a-Si:Hip ¢-Si 12+~"E
5 -3 T30 5
°:L=1.02 ym N,=9.0x10 " cm s
+:1.=0.80 pm (1~2 ficm) <
z
+20
N;=3.9x10"° cm®
T10
0.42
)
N,=3.6x10" cm 10'51
L 1 ) 1 1 1 \l L
-6 -5 -4 -3 -2 -1 0 1

VOLTAGE (v)

FIG. 4. Width of the depletion region in ¢-Si as a function of voltage for
samples 3 (L = 0.80 um) and 7 (L = 1.02 um).
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The electron affinity of a a-Si:H can be determined from
the C-V characteristics of those heterojunctions. As is clear
from the energy band diagram shown in Fig. 3, AE_ is ex-
pressed by

AE. =6,+6,— E,, +4Vp, (7)
as well as
AEc =), — x> (8)

By substituting quantitative data on 8,, 8, y;, and ¥, listed
in the table to Egs. (7) and {8}, one can determine AE. and
2 The obtained values of AE . and y, from each diode are
also listed in the table. Although some statistical scatter is
observed, the electron affinity (y,) of undoped o-Si:H is given
as

Y2 =3.93+0.07eV. 9)

This value is coincident with the value of 3.93 eV within
experimental margin of errors which was estimated'® from
the data of Yamamoto ef al.?* concerning internal photoe-
mission experiment and the electron affinity of Si0,.?

Figure 5 shows the energy band diagrams for each di-
ode with different doping levels of p ¢-Si, sketched on the
basis of the above resuits.

C. Current-voltage characteristics

J-V characteristics have been measured as a function of
temperature in the range from 297-374 K, but the tempera-
ture range scanned in the present work is rather limited. Not
only the band-like conduction but also hopping conduction

0.2¢

112 i

p ¢-Si a-Si:H
(0.005~0.01 &cm)
(a)
0.20
0.50
112 0.72

a-Si:H

a-Si:H

p ¢-Si
(0.1~0.15Qcm)

{ b}

p ¢-Si
(5~10 em)

{d)

FIG. 5. Energy band diagrams in the interface region for heterojunctions
using ¢-Si with four different resistivities.
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like a variable-range hopping might prevail in the transport
of a-Si:H at low temperatures although LeComber ez al.”’
have reported that the nearest-neighbor hopping predomi-
nates below 240 K. Furthermore, the current density at 297
K decreases down to as low as 10~'2 A/mm?, causing an-
other difficulty for measuring accurate junction properties.

Figures 6-9 show temperature dependence of J-¥ char-
acteristics of Mg/undoped a-Si:H/p ¢-Si diodes, sample 5
{Peryse = 0.005-0.01 2 cm), 6 {porys = 0.1-0.15 2 cm), 7
(Peryse = 1-242cm), and 8 (o, = 5-1042 cm), respectively.
Undoped a-Si:H films of 1.02 gm in thickness were deposit-
ed simultaneously on four different p ¢c-Si substrates.

1. Forward J-V characteristics

According to any of the diffusion model,'® the emission
model,' and the recombination model,® a relation between
J and V is represented by

Jc:exp(;?%), (10)

where k is the Boltzmann’s constant, 7' the measuring tem-
perature, and 7 the diode factor being independent of tem-
perature.

104
Mg/undoped a-Si:H/p c-Si
L=1.02 ym  (0.005~0.01cm)
10° _ §
. Temperature (K)
4:373.8
&"1 -6 v:359.6
glor d *:345.3 1
E 2:333.2
< #:321.2
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FIG. 6. J-V characteristics of sample 5 measured at six different tempera-
tures.
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Mg/undoped a-Si:H/p c-Si
L=1.02 pm {01~0.15Qcm)

Temperature (K)
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FIG. 7. J-¥ characteristics of sample 6 measured at six different tempera-
tures.

As is clear from the results shown in the figure, a slope
of the forward-bias curve is kept almost constant for varying
temperatures, which indicates that Eq. (10) does not hold in
the present system. Rather it suggests the transport pheno-
menon is limited by tunneling, being described as

J=Jyexp(dV), (11)

where 4 is a temperature-independent constant. The data in
Fig. 10 was analyzed using Eq. (11), resulting in the tempera-
ture dependence of the preexponential factor J,, as shown in
Fig. 10. Namely, the relation

_4E, )
Joosexp( _LkT , (12)
holds between J, and T, where AE, , takes values of 0.72,
0.80, 0.65, and 0.63 eV for samples S, 6, 7, and 8, respective-
ly.

A variety of models for junction transport based on tun-
neling process have been proposed by several authors, “*°
which are schematically shown in Fig. 11(a). For explaining
the present experimental results, each model is examined
one by one.

1016 J. Appl. Phys., Vol. 55, No. 4, 15 February 1884

The simplest tunneling model consists of the tunneling
of carriers through the spike-shaped barrier in the conduc-
tion band [Fig. 11(a})]. According to Riben ef al.,* predomi-
nant tunnel flux takes place at an energy close to the peak of
the barrier within an energy difference of about 0.1 eV for
crystalline heterojunction, which is indicated by path “A” in
the figure. In the present heterojunction, however, tunneling
process at an energy range far below the barrier peak, indi-
cated by path “B” in the figure, is quite possible because the
localized states are quasi-continuously distributed within
the gap of a-Si:H spatially as well as energetically. Asis clear
from the model, the magnitude of AE, , is expected to be
smaller than value of V,,. This requirement contradicts
with the actual data, i.e., each experimentally obtained value
of AE, ; is larger than that of V.

A second model is based on tunneling process of carri-
ers, which has originally been presented for excess current in
tunnel diodes.*® As has been discussed by Riben er al.,**
tunneling current by one-step tunneling [C or D in Fig. 11(a)]
is always smaller than that by multitunneling (E in the fig-
ure). If we assume that their discussion can be applicable to

10
Mg/undoped a-Si:H/p c-Sij

1=1.02 ym (1~2 Qcm)

Temperature (K)

1374 1
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13221
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o s > € 0 »

—
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T
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05 1.0
VOLTAGE (V)

FIG. 8. J-¥ characteristics of sample 7 measured at six different tempera-
tures.
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FIG. 9. J-¥ characteristics of sample 8 measured at six different tempera-
tures.

the present a-Si:H junction, the multitunneling process
should predominate in the present system since localized
states are quasi-continuously distributed in the mobility gap.
However, J, should change exponentially with T according
to this multitunneling process, **> while J,, obtained in this
study varies exponentially with — 1/7T as shown in Fig. 10.

In order to solve this incoincidence, we propose the
multitunneling capture-emission process as the most prob-
able model for the present system, which is shown in Fig.
11(b). A hole in the valence band of p ¢-Si flows from one
localized state to another in a-Si:H located within an energy
range of X7 by a multitunneling process and keeps flowing
until a tunneling rate becomes smaller than the rate for hole
release from the state to the valence band of a-Si:H or for
recombination of the hole with an electron in the conduction
band of @-Si:H. An ending point of tunneling might be close
to the edge of the depletion layer of a-Si:H, where the tunnel-
ing rate decreases due to a decrease of electric field.

Thus, the current density flowing from p ¢-Si to the
undoped a-Si:H is given by

Jooo =Ble, + 0,v,,njexp(dV), (13)
where B is a constant independent of applied voltage and

1017 J. Appl. Phys,, Vol. 55, No. 4, 15 February 1984
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FIG. 10. Temperature dependence of the extrapolated values of J, of sam-
ples 5, 6, 7, and 8.

<« A
———Q% B electron
L4
Ec

7 -— - E

1037

Ev
p ¢-Si undoped a-Si:H
(a)
electron
——\[E E
C
e — — EF

undoped a-SiH
(b)
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FIG. 11. Tunneling models for heterojunctions. (a) Reported tunneling
models, (b} a multitunneling capture-emission model.
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temperature, e, the hole emission rate given as
e, = 0,0y Ny exp( — (Er — Ey)/kT ),0, the capture cross
section of electrons, v,, the thermal velocity, # the electron
density in the conduction band of a-Si:H given as
n = N¢ exp{ — (Ec — Ey)/kT),0, thecapture cross section
of holes, N, and N the effective densities of states in the
valence band and the conduction band of a-Si:H, respective-
ly, and E¢, E;, E,, and E_, the energies of the Fermi level,
trapping level, the valence band, and the conduction band of
a-Si:H, respectively. Since no current flows in the diode
when V = 0, the net current density is described as

J=Jglexp(dV) — 1], (14)
Er—FE
J,=B [a'p Ny exp( - ——Zﬁ—l)
E.—E
+ 0,0, Nc exp(——c—kT—’i)]. (15)

By comparing Eqgs. (14) and (15) with the experimental
data shown in Fig. 10, several possible comments can be
deduced. For the junction property using the lowest-resistiv-
ity p c-Si (sample 5), AE,, , = 0.72 eV is obtained as shown in
Fig. 10. This value coincides with that of the activation ener-
gy 8,( = Ec — Ej) of the dark conductivity of undoped a-
Si:H. Therefore, considering from the band diagram shown
in Fig. 5(a), the electron capture rate is larger than the hole
emission rate, i.e., the second term predominates in the
right-hand side of Eq. (15). On the other hand, for the sam-
ples 6, 7, and 8, obtained values of AE, ; are 0.80, 0.65, and
0.63 eV, respectively, which is correlated with a decreasing
tendency of the magnitude of (£, — E, ) with an increase in
the substrate resistivity as shown in Fig. 5(b)-5(d). It suggest-
ed that hole emission prevails dominantly for these three
samples, namely, the first term in the right-hand side of Eq.
(15) determines the magnitude of J,,.

2. Reverse J-V characteristics

From Eq. (14), a saturated value of the reverse current
density is expected to be J;,. However, as is clear from Figs.
6-9, the reverse current density (J ) exceeds the value of J,,
indicating that the reverse current is limited by another
transport mechanism. Furthermore, AE,, of the reverse cur-
rent at — 0.1 V are 0.68, 0.70, 0.63, and 0.62 eV for the
samples 5, 6, 7, and 8, respectively, which are different from
AE, , for the forward bias characteristics.

Figure 12 shows the reverse current density plotted
against (V, — V)!/? for the samples 5 and 6, the diodes using
lower-resistivity p ¢-Si substrates, the values of V), is taken
from Fig. 5. As shown in the figure. The reverse current is
proportional to (¥, — ¥)"/? for two samples. It is noted that
this proportionality holds in a whole temperature range
studied in the present work. Since the bias voltage in these
two diodes is mostly supported by the depletion layer of a-
Si:H due to lower resistivity of p ¢-Si substrates, the reverse
current is reasonably considered as a generation current
from the obtained linear relationship between Jp and
(VD - V)]/2.3l'32
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FIG. 12. Reverse current density-voltage characteristics of samples 5 and 6.

IV. SUMMARY

We have presented energy band diagrams for a-Si:H/c-
Si heterojunctions on the basis of C-¥ characteristics of un-
doped (n " -type) a-Si:H heterojunctions formed on p-type c-
Si substrates with four different resistivities. Also we have
elucidated the current transport mechanism of these hetero-
junctions form J-¥ characteristics and their temperature de-
pendence. The main results are summarized as follows:

(1) The high-frequency (100 kHz) C-V characteristics
have been successfully analyzed of the heterojunctions with
the high-resistivity undoped a-Si:H, from which it has been
made clear that the abrupt heterojunction model is valid for
a-Si:H/c¢-Si heterojunctions.

(2) The electron affinity of undoped ¢-Si:H has been
estimated as 3.93 + 0.07 eV from the diffusion voltage and
the thermal activation energy of the dark conductivity of the
undoped a-Si:H film, while the diffusion voltage is indepen-
dently determined by C-V measurement.

(3) The forward current, described as exp( — 4E, ./
kT )X exp(AV), can be explained by a multitunneling cap-
ture-emission model, where a hole in the valence band of p ¢-
Si keeps flowing from one localized state to another in ¢-Si:H
by a multitunneling process until its tunneling rate becomes
smaller than a rate either for hole releasing from the state to
the valence band or for its recombination with an electron in
the conduction band of a-Si:H.

(4) The reverse current, described as exp( — 4E,,/
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kT)X(Vp — V)'/?, hasbeen reasonably ascribed toa genera-
tion current.
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