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In heterojunction solar cells, a-Si:H/c-Si heterointerface is of significant importance, since the heterointerface characteristics
directly affect junction properties and thus solar cell efficiency. In this study, we have performed time resolved microwave
conductivity (TRMC)measurements on n-type c-Si wafers passivated on both sides with intrinsic and doped a-Si:H layers in order
to investigate electrical property and passivation quality of the a-Si:H/c-Si heterojunctions. It was found that the TRMC decay time
and decay curve shape varied with the laser wavelength and power intensity and also depended on sample structures. By using
1064 nm laser pulse with high excitation, differences in the decay curve shape between samples with and without p-n junction were
observed. The samples containing p-n junction(s) had unique slow decay mode, after the initial fast decay, which we ascribed to
the release of carriers from the low-mobility amorphous layer into the high-mobility crystalline wafer as the built-in field of the
junction was restored. Experimental results suggest that the TRMC is useful nondestructive technique which is suitable for primary
check of the a-Si:H/c-Si heterojunctions during the solar cell fabrication process.

1. Introduction

Heterojunction silicon solar cells, where hydrogenated amor-
phous silicon (a-Si:H) is deposited onto crystalline silicon (c-
Si) wafers to provide both surface passivation and junction
formation, receive great attention nowadays owing to known
advantages over conventional Si wafer based solar cells, such
as low temperature fabrication process, high efficiency, and
superior performance at high operating temperature [1–3].
Monitoring of properties of such heterojunctions in the
early stages of solar cell production is an essential concern.
Microwave photoconductivity decay (𝜇-PCD) measurement
techniques are routinely used to assess the surface passivation
in a nondestructive, contactless way [4, 5]. These techniques
make use of the fact that photogenerated free carriers
induce a change in the microwave reflectivity of a semi-
conductor material, the magnitude of which is governed by

the mobility and excess density of the free carriers; the latter
one is obtained from the photocarrier generation rate and
the minority carrier effective lifetime (𝜏eff). In high-quality
crystalline silicon wafers, the 𝜏eff is dominated by surface
rather than bulk recombination processes, making surface
passivation a key issue.

Time resolved microwave conductivity (TRMC) exper-
iment is a 𝜇-PCD setup, where illumination is achieved
through a very short laser pulse that offers the possibility
to investigate fast recombination mechanisms, such as those
occurring in microcrystalline Si and organic materials [6,
7]. There have been several reports of investigations of
hydrogenated amorphous silicon nitride (a-SiN:H)/c-Si and
a-Si:H/c-Si heterojunctions by the TRMC technique [8–11].
However, they are mainly mentioned in case of an intrinsic
a-Si(N):H/c-Si heterojunctions and single side passivated
samples. TRMC measurements on both sides of passivated
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samples and characterizations of doped a-Si:H/c-Si hetero-
junctions have been rarely reported [12]. In this study, we
thus have performed TRMC measurements on two-side a-
Si:H passivated n-type c-Si substrates, focusing on changes in
decay time and decay curve shape of different test structures.
Kinetics which caused those variations were also analyzed.

2. Experimental Details

In these experiments, an excess of charge carriers was pro-
duced by illumination with 3 ns full width at half maximum
(FWHM) pulses of a Nd:YAG laser at 532 and 1064 nm.
Optical filters were used to adjust incident light intensity over
four orders of magnitude. The microwave probe signal was
generated by aGunn diode and directed via a circulator to the
sample.The reflectedmicrowave signal was detected from the
sample via a circulator to a detector connected to a transient
digitizer. n-doped, (100-) oriented, FZ grown silicon wafers
of 280𝜇m-thickness and resistivity of 1–10Ω cm were used as
substrates. Two-side passivated samples with three different
structures are made:

(a) n a-Si:H/i a-Si:H/n c-Si/i a-Si:H/n a-Si:H (n-type a-
Si:H on both sides),

(b) p a-Si:H/i a-Si:H/n c-Si/i a-Si:H/p a-Si:H (p-type a-
Si:H on both sides),

(c) p a-Si:H/i a-Si:H/n c-Si/i a-Si:H/n a-Si:H (cell struc-
ture).

The intrinsic and doped a-Si:H films are prepared by
radiofrequency plasma enhanced chemical vapor deposition
(13.56MHz rf-PECVD) technique. The gas sources are silane
(SiH
4
) and hydrogen (H

2
). Phosphine (PH

3
) and diborane

(B
2
H
6
) were used as dopant sources for n-type and p-type,

respectively. The thickness of the i, n, and p layers was
about 8, 28, and 30 nm, respectively. The test samples in this
study were also measured with a SINTON lifetime tester
(photoconductive decay technique) in the transient mode
(short flash) for the comparison of decay time. It should be
noted that attention was placed on trends among samples
not the absolute value obtained from themeasurements since
the results varied with the measurement conditions of each
technique.

3. Results

3.1. Power and Wavelength Dependent Behavior of TRMC
Decay Curve. With increasing laser intensity the microwave
reflectivity decay time of all test samples increased. And
a significantly longer decay time was observed when the
samples were stimulated by long laser wavelength, 1064 nm,
as shown in Figure 1. At high excitation an initial fast decay in
the first 80–100 𝜇s was observed. By measuring under exactly
the same excitation conditions, it was found that TRMC
decay timeD.T. (sample a) >D.T. (sample c) >D.T. (sample b)
(Figure 2). The sample with the n a-Si:H/i a-Si:H passivated
on both sides (sample a) indicated the longest decay time
while the sample with the p a-Si:H/i a-Si:H on both sides
(sample b) showed the shortest decay time.
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Figure 1: TRMC decay curves of sample with n a-Si:H on both sides
induced by 532 and 1064 nm.
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Figure 2: TRMC decay curves of samples with different structures;
(a) both sides n a-Si:H, (b) both sides p a-Si:H, and (c) cell structure,
under the same illuminated conditions.

The 𝜏eff of the samples with different structures estimated
by using the SINTON lifetime tester is summarized in Table 1.
It can be seen that the 𝜏eff and the decay time from the TRMC
measurements of these three structures exhibit the same
trend; that is to say, 𝜏eff(a) > 𝜏eff(c) > 𝜏eff(b). The effective
lifetime of various samples from the TRMC measurements
was summarized as a function of number of photon of laser
pulse in Figure 3. Here, the decay curves were deemed to be
exponential decay and an exponential fit yielded a 1/e lifetime
as the 𝜏eff. As the number of photon increased (higher light
intensity), the decay time of all samples increased and tended
to become saturated at the decay time of about 4ms, which
was likely to be a bulk lifetime of the n-type crystalline wafer
used in this study.
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Figure 3: Estimated effective lifetime of various samples as a
function of number of photon.

3.2. Structure Dependent Behavior of TRMCDecay Curve. By
using 1064 nmexcitation, differences in the decay curve shape
between samples with and without p-n junction were found.
The decay curve shape of the samples with p-n junction,
samples b and c, can be divided into three portions: (1) initial
fast decaymode, (2) slow decaymode, and (3) principal decay
mode, as exhibited in Figure 4. The samples without p-n
junction seemed to contain only portions (1) and (3).

4. Discussions

The differences in the TRMC signal—both decay time and
curve shape—implied the variations in the passivation quality
and the junction properties. Analysis of these variations could
lead to better understanding of recombination kinetics of
the heterojunctions. It is worth noting that two phenomena
can contribute to a decrease of the TRMC signal in our
heterojunction structures.

(i) The Electron-Hole Recombination. It is known that in
amorphous region the bulk minority carrier lifetime is less
than a few 10−8 s, while in high-quality silicon it is in the
millisecond range.

(ii) The Transfer of Carriers from a Crystalline to an Amor-
phous Region. Indeed, their mobility in the latter is three
orders ofmagnitude below theirmobility in crystalline silicon
[11].

This allows us to qualitatively understand the shape of the
response curves obtained for the structures with p a-Si:H/n c-
Si on one or two sides (Figure 2).

(i) As the built-in electric field keeps the free carrier
density to a very low level at the location of the
heterojunction, holes generated in the high-mobility
n-type silicon crystal diffuse towards the low-mobility
p-type amorphous silicon region. Once they enter it,
their contribution to the TRMC signal is expected
to drop sharply. Yet the resulting charge separation
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Figure 4: Comparison of TRMC decay curves between samples
with and without p-n junction.

induces a growing counter electric field that ends
up blocking further diffusion. The timescale of the
transient diffusion regime can be estimated to be
𝑤
2
/𝐷
𝑝
where 𝑤 is the thickness of the wafer (about

300 𝜇m) and𝐷
𝑝
is the diffusion constant for minority

holes in n-doped crystalline silicon (about 10 cm2 ⋅s−1
at room temperature). Accordingly, we obtained a
value of 90 𝜇s, which corresponded to the typical
timescale of the observed initial fast decay (Figure 4).

(ii) As recombination goes on in the crystalline silicon
region, holes that were stored in the amorphous
region are released back into the crystalline region—
gradually bringing the electric field back to the
built-in equilibrium value of the heterojunction. The
decrease of the TRMC response due to recombination
is therefore slowed down by the reverse transfer of
holes from a low-mobility region back to a high-
mobility region, leading to the “slow decay” part of
the TRMC response in Figure 4.

(iii) After the electric field recovers its initial value then
the “principle mode” sets in. The principle mode,
exponential decay portion, can be observed at any
illumination intensity.

Among the three structures, the sample with n-type a-
Si:H passivated on both sides indicates the longest decay time.
The front and rear sides of this structure act as reflecting walls
for minority carriers, having excellent passivation property
and preventing transfer of holes to the low-mobility layers
[11]. Its decay kinetic can be simply expressed in the form
of one exponential function. The “slow decay” mode is not
observed. Longest lifetime is observed when the excitation
wavelength is 1064 nm, corresponding to excess charge car-
rier generation in the bulk of the c-Si wafer and negligible
absorption in the a-Si:H layer, as opposed to an excitation
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Table 1: Effective lifetime (𝜏eff) of samples with various structures
measured by SINTON lifetime tester in the transient mode at
minority carrier density of 2 × 1015 cm−3.

Sample Structure Effective lifetime (ms)
a n a-Si:H/i a-Si:H on both sides 4.2
b p a-Si:H/i a-Si:H on both sides 1.5
c Cell structure 2.1

wavelength of 532 nm, which leads to initial excess charge
carrier profile generation at the illuminated surface.

It is obvious that the TRMC results can provide informa-
tion regarding not only the 𝜏eff but also the heterojunction
properties, both of which are significantly important prop-
erties for the heterojunction silicon solar cell development.
These demonstrate that the TRMC technique has high poten-
tial as an effective analysis tool for heterojunction silicon solar
cells.

5. Conclusions

Based on information from the TRMC decay curves, the
electrical property and passivation quality of the a-Si:H/c-
Si heterojunctions as well as their changes can be eval-
uated. The decay curve time and the decay curve shape
of samples provided meaningful interpretation of excess
charge carrier kinetics in the heterojunctions. The samples
with p a-Si:H/n c-Si heterojunction (s) containing a deple-
tion/inversion layer at the interfaces showed the unique slow
decay mode at high excitation (after the initial fast decay
mode) due to excess charge carrier stored in the amorphous
regions. These results agreed well with the change in the
𝜏eff from the SINTON lifetime tester. Experimental results
suggest that the TRMC is an useful nondestructive technique
which is suitable for primary check of the thin film a-
Si:H/c-Si heterojunctions during the solar cell fabrication
process.
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