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The main objective of the present work is to study experimentally and by simulation, using the one di-
mensional analysis of microelectronic and photonic structures program (AMPS-1D), the correlation be-
tween the crystalline volume fraction (F:) and the transport properties of hydrogenated microcrystalline
silicon thin films (uc-Si:H). The F. was determined by spectroscopic ellipsometry (SE) and the electrical
conductivity measurements. The pc-Si:H samples were deposited by radio-frequency magnetron sputtering
technique of a crystalline silicon target, under an argon (Ar) gas mixture of 70 % of hydrogen (H2) and 30 %
of Ar, at three different total pressures (2, 3 and 4 Pa) and changing substrate temperatures (25, 100, 150
and 200 °C). The dark conductivity was measured in a coplanar configuration in an optical cryostat under
applied electrical field and controlling current with an electrometer. In the simulation studies of the dark
conductivity using the AMPS-1D, we modelled the films as an alternation of amorphous and crystalline re-
gions with different crystalline volume fractions Fe (from 0 to 80 %). The results evidently demonstrated
that the conductivity depends on the width of the area separating amorphous and crystalline regions. We
found a strong correlation between the pc-Si:H films activation energy and the crystalline volume fraction
where the grain size-to-thickness ratio plays a crucial role.
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1. INTRODUCTION

Actually, the intrinsic microcrystalline silicon was
mainly studied in devices with thin film solar cells
[1, 2], transistors [3] and diodes [4]. Several applica-
tions of hydrogenated amorphous silicon are replaced
by microcrystalline silicon in our days because of its
stability under light shining and its great conductivity.
A proper description of the structural properties of such
material can be quite a complicated task, as shape and
size of the crystalline grains can be highly variable and
their distribution within the amorphous matrix is
probably different for each sample. Microcrystalline
silicon is a two-phase material. Its composition can be
interpreted as a series of grains of crystalline silicon
imbedded in an amorphous silicon matrix, with a high
concentration of dangling bonds in the transition re-
gions [5, 6]. Hence, each phase of uc-Si:H plays an im-
portant role in electronic transport.

This work presents a study of the effect of the mi-
crostructure on the transport properties by the conduc-
tivity measurements and AMPS-1D simulation program
used to determine the activation energy. The latter was
determined recently by C. Qingdong et al. [7].
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2. EXPERIMENTAL DETAILS

A series of undoped pc-Si:H thin films with different
thicknesses were deposited on corning substrates at
temperatures (7s) of (25-150-100-200 °C) in a parallel-
plate glow discharge plasma deposition system operat-
ing at a standard rf frequency of 13.56 MHz using Ar
and Hz as feed gases. Film thickness was calculated
from the interference pattern of the optical transmission
spectrum in the visible and near infrared regions. The
microstructural studies were carried out using spectro-
scopic ellipsometry (SE) and X-ray diffraction (XRD).
The dark conductivity ocu(7) measurements were car-
ried out on a large number of annealed samples with
different thicknesses, microstructures and morphologi-
cal properties, using coplanar geometry in different
experimental set-ups (above room temperature, 300-
450 K). In the temperature range above room tempera-
ture, oa(T) follows Arrhenius type thermally activated
behavior: cu(T) = ov-exp(— Edo/kT), where oo is known as
the conductivity prefactor and Eq as the activation en-
ergy. In the simulation study of the dark conductivity
by the AMPS-1D program, samples were modelled as
an alter-nation of amorphous and crystalline phases
with different crystalline volume fractions (F¢) from 0
to 80 %.
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3. RESULTS AN DISCUSSION

The average of pc-Si:H grain size (§) was evaluated
from XRD measurements. For the series of intrinsic
samples deposited at 3 and 4 Pa, § varies from ~ 6 nm
to ~ 9.5 nm, respectively. This result allows to classify
our samples into three categories, types of microstruc-
ture that can be visualized as Type 1: films having
small grains and amorphous tissues and Type 2: films
having closely packed columnar crystals consisting of
big grains with very less hydrogenated amorphous sili-
con a-Si:H tissues in the columnar boundary region
(6> 6nm) and amorphous tissues Type (see Fig. 1).
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Fig. 1 - XRD spectra in pc-Si:H samples deposited at 200 °C,
varying pressure between 3 and 4 Pa

XRD was employed to characterize the samples.
Three preferred orientations in the (111), (200) and
(311) directions are observed. The crystallite size in the
as deposited state is estimated from the full-width-half-
maximum (FWHM) of the (111)-peak. In the material,
microstructural studies have been demonstrated the
presence of small and large crystallite grains and a
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moderate amount of disorder phase in the columnar
boundary regions. Using the Bruggeman effective me-
dium approximation and the Tauc-Lorentz model, we
analyzed the data of spectroscopic ellipsometry (Fig. 2).
The results obtained strongly indicate that the samples
deposited at 2 Pa, are completely amorphous.

When the pressure is raised up to 3 and 4 Pa under
different Ts the presence, in these films, of a mixture of
amorphous as well as crystalline silicon structure with
different grain size. They clearly indicate that crystalli-
zation occurs in all samples elaborated at 3 and 4 Pa at
Ts less than room temperature, and there is a combined
effect of both pressure and temperature on the crystal-
line fraction. The samples are well crystallized with a
crystalline volume fraction varying from about 60 to
90 %. The substrate deposition temperature has nearly
no clear effect either on the size of the crystallites or on
the average crystalline volume fractions. The results
obtained from spectroscopic measurements are summa-
rized in Table 1.
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Fig. 2 — Spectroscopic ellipsometry in pc-Si:H samples depos-
ited at 100 °C, varying pressure between 2, 3 and 4 Pa

Table 1 — Summary of the growth conditions, thickness, F., values of the grain size and activation energy

Pressure, Pa 2 3 4
Ts, °C 100 200 25 100 150 200 25 100 150 200
dy, pm) 523 | 495 | 0.85 0.98 098 | 0.85 | 1.04 | 0.85 | 0.91 | 0.91
Fe, % 0 0 71 85 87 86 76 60 59 62
5, nm 0 0 7.3 3.7 6.1 6.0 9.01 | 12,5 10 9.7
(ddp-10-3 0 0 8.6 3.8 6.22 | 5.88 | 8.66 | 14.7 | 10.98 | 10.44
Eq, eV 0.99 0.83 | 0.380 | 0.086 | 0.390 | 0.193 | 0.400 | 0.130 | 0.199 | 0.216

In order to understand the effect of the F¢ on the
electronic properties of the pc-Si:H films, a detailed
study has been conducted. Structural analysis spectro-
scopic ellipsometry combined with electrical measure-
ments of the dark conductivity were used to character-
ize the films. Figs. 3a, 3b, 3c show the dark conductivi-
ty as a function of temperature measured in a coplanar
configuration in an optical cryostat under applied elec-
trical field of 102 V/ecm and controlling current with an
electrometer. All the samples show one regime of con-
duction in the temperature range varying between 290
and 420 K. The conductivity follows an Arrhenius-type
thermally activated behaviour cu(T) = ov- exp(— Eo/kT),
where ov is known as conductivity pre-factor and E. as
activation energy. E. and ov are valuables for under-

standing the mechanism and physics of electrical
transport in the material. For the samples deposited at
2 Pa, the dark conductivity curves show an activated
energy around 0.9 eV. The latter clearly indicates that
these samples are amorphous. The results are in good
agreement with spectroscopic ellipsometry spectra.

In general, samples deposited at 4 Pa (75 = 150 and
200 °C) have nearly the same F. and the same Ea.
However, in the case of 3 Pa samples have a high F¢
(Ts =150 and 200 °C), it is clear that they have the
same F¢ and different Ea. Thus we introduced the crys-
tallite size-to-thickness ratio (d/dy) to explain precisely
the dependence of activation energy because the F: is
not the only parameter that can affect somehow the E..
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Fig. 3 — The dark conductivity of the samples deposited at 2
(a), 3 (b) and 4 Pa (c) under different T’

According to the curves representing samples de-
posited at 3 Pa (25 and 150 °C) and 4 Pa (25 °C), it is
shown that the samples have an activation energy cor-
responding to around 0.4 eV. The samples deposited at
3 Pa (200 °C) and 4 Pa (150, 200 °C) have activation
energy around 0.2 eV. The difference in activation en-
ergy is due to two different conduction mechanisms
operating in the temperature measurement range. It
appears that the conduction does not depend on deposi-
tion temperature as indicated in Table 1. The connec-
tion between the conductivity and the deposition pres-
sure is not that obvious, however it becomes clear with
the crystallite rate.
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The activation energy value of 0.9 eV found for
samples deposited at 2 Pa is a feature of intrinsic
amorphous. When the crystallization takes place, the
E. value decreases gradually around 0.4 eV for the Fe
situated between 70 % and 90 % with some exceptions.
In this case, the dark conductivity is limited by the
potential barrier between the amorphous and crystalline
regions. The band gap of crystalline silicon (1.12 eV) is
smaller than the band gap of a-Si:H (1.8 eV). Therefore,
the barriers at grain boundaries are due to the offset
value of conduction band (Fig. 4b).

There are some samples which contain around 60 %
of F, the activation energy close to 0.2 eV excepting
sample deposited at 3 Pa and 200 °C. The quite small
value of E,; might be due to the fact that the Fermi lev-
el Er is pinned near the conduction band by defects in
the distorted network at the transition between crystal-
lites and the surrounding amorphous matrix as it has
been previously suggested [8, 9]. On the other hand,
this small value of E. has been discussed by several
authors who claim that conduction transport of intrin-
sic pc-Si:H is attributed by Variable Range Hopping
VRH transport in the temperature range of 270 to
450 K [10]. From data analysis, it has been obtained
that the F. affects the hopping conduction among the
clusters of grains, where the significant F. exceeds
60 %, leads to separating distance between the grain
boundaries of a few atomic spacings which can favor
either the VRH or the tunnel conduction.

To explore the correspondence between the F. and
electrical transport behaviour, we have based on the
simulation studies of the dark conductivity by the
AMPS-1D program. We considered all the modelled
samples as an alternation of amorphous and crystalline
regions with different crystalline volume fractions var-
ying between 0 % and 80 % [11]. The one dimensional
device simulation program AMPS-1D solves simultane-
ously the Poisson equation and the electron and the
hole continuity equations by using the method of finite
differences and the Newton-Raphson numerical meth-
od. The recombination and the trapping mechanism are
described by the Shockley-Read-Hall model [12, 13].
We note that, neither tunnelling nor the VRH conduc-
tion is contained by AMPS-1D program. The parame-
ters used to simulate the device layers are summarized
in Table 2 and all the simulation findings are reported
in Table 3.

The simulation results obtained show that the acti-
vation energy is nearly in agreement with the experi-
ment results. It continuously decreases from 0.9 eV at
Fe less than 10 % till the value of 0.3 eV for the F. ex-
tremely more than 80 % as reported in Fig. 4a. As soon
as the volume crystalline fraction takes place, the off-
sets between the amorphous and crystallites region
appear.

We modeled, using AMPS-1D simulation, the films
of pc-Si:H as an alternation of amorphous and crystal-
line silicon a-Si:H/c-Si with three values of F. (Fe= 10,
60 and 80 %). The discontinuity of bands is numerically
calculated. The offsets are considered as a high barrier
which reaches 0.5 eV when the F.c ranges from 10 % to
80 %. However, the edge of the barrier is not straight,
but it has a curve shape as indicated in Fig. 4b. That is
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Table 2 — Set of parameters used to simulate pc-Si:H
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Materials
Parameters 3 B .
a-Si:H (1) ¢-Si (1)
Electronic affinity, eV 3.93 4.01
Mobility gap, eV 1.80 1.12
Effective density of state Ne, Ny, cm —3 1021/1021 (4.3/1.6)101°
Electron mobility, cm?3/V/S 20 1250
Hole mobility, cm?/V/S 02 450
The DOS in donor-like Gaussian, cm —3 8.1015 1012
The DOS in acceptor-like Gaussian, cm —3 8.1015 1012
Standard deviation in donor-like Gaussian, eV 0.10 0.015
Standard deviation in acceptor-like Gaussian, eV 0.10 0.015
Position donor-like Gaussian from E., eV 0.87 0.46
Position donor-like Gaussian from Ev, eV 0.89 0.66
Energy slope donor-like bandtail, eV 0.048 Il
Energy slope donor-like bandtail, eV 0.036 1
Table 3 — The simulation results 10"
Crystalline volume | Activation energy '"7:_ ..
fraction Fe, % Eq, eV - L I . S A A A . ., R
a-Si:H 0.89 g 10 C e s
10 0.89 P Tl
20 087 % 110 - .
a 10 " . = 0%
30 0.85 £ 2 ", o 60%
3 10 - 4 B0%
40 0.81 g 107 " .
50 0.75 10" -
60 0.65 1 0,24 n,lzni n,ﬁx n,lsn 0,52 0,34
= 0.48 1000/T (K™
80 0.31 a
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Fig. 4 —The variation of the activation energy of pc-Si:H sam-
ples versus the report (grain size/ thickness)

Similarly, no systematic variation in F¢ and Eq is
observed for the pc-Si:H samples (Table 1). The sam-
ples deposited at 4 Pa (150 and 200 °C) have approxi-
mately the same F¢ ~ 60 %, dr thickness and E.. How-
ever in the case of 3 Pa (150 and 200 °C), the samples
have nearly the same F: ~ 86 %, & grain size and a big
difference in Eq. Fig. 4 indicated the variation of E, as
a function of (d/dy). According to this graph one can
summarize the following important results:

The variation of Eq as a function of (&/dy) has a

Conduction band (¢V)
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Fig. 4 — The dark conductivity simulation for F. (10 %, 60 %
and 80 %) (a) and a band diagram for a layer of a device simu-

lated (b)

Gaussian form.
1. The samples deposited at room temperature are
situated at the top of the Gaussian.
2. The samples elaborated at 100 °C are situated in
the bottom of the Gaussian.
3. The samples obtained at 200 °C are situated in
the half-height of the Gaussian.
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On the other hand, the samples deposited at 150 °C
are in the middle, between the top and the half-height
of the Gaussian, and this means that the activation
energy FEq is related to the deposition conditions such
as pressure and temperature.

4. CONCLUSIONS

In the present work, the hydrogenated microcrystal-
line thin films, prepared using rf magnetron sputtering
technique, were investigated by means of spectroscopic
methods and using AMPS-1D simulation program to
determine the grain size, crystalline volume fraction
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Briue kpucrasidyaoil 06'emHO01 hpakiii Ha eJIeKTPOHHI BJIACTUBOCTI riJporeHisopaHoro Mik-
POKPHCTAIIYHOIO KPEMHIIO, JOCIIIAsKeHOr0 METOA0M €JIIIICOMETPIl Ta MOJe/IIOBAHHAM MiKpoOe-
JIEKTPOHHUX 1 (POTOHHUX CTPYKTYP
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Mertoro mamoi poboTH € eKcIiepuMeHTaIbHE 1 MOJIeJIbHE JTOCIIIIPKeHHS KOPeJIAIil MisK 00'eMHOI0 (DpaKITiern
KPHCTAJIIB 1 TPAHCIIOPTHUMHY BJIACTHBOCTAMHU TOHKHX ILTIBOK T'IPOT€HI30BAHOIO MIKPOKPHCTAJIYHOTO KpeM-
HII0, BUKOPHUCTOBYIOYH OJHOBAMIPHHI aHAJI3 IIPOrpaMy MIKPOEJIEKTPOHHUX 1 poToOHHUX CTPyKTYyp (AMPS-
1D). O6'eMHy dQpakilito KPUCTAIB BU3HAYAIN CIEKTPOCKOIIIYHOI0 eJIIICOMETPIE0 1 BUMIPIOBAHHAMU €JIeKT-
POIPOBITHOCTI. 3pa3Ku TiAPOreHi30BAHOI0 MIKPOKPHUCTAIIYHOTO KPEMHII 0CAAKYBAIN METOAOM PagiodacTo-
THOI'0 MATHETPOHHOTO POSMUJIEHHS KPHCTAJNYHOI MIITeHI KPEeMHI y Ta30Biil CyMillll aproHy i BOTHIO HPHU
TPBHOX Pi3HUX cyMapHHUX THUCKax (2, 3 1 4 I1a) Ta amiroioun TeMneparypy miaraagku (25, 100, 150 i 200 °C).
TemHa MpPOBITHICTE BUMIPIOBAJIACA B KOILIAHAPHIN KOHQIrypallil B ONTHYHOMY KPiOCTaTi IpH HPUKJIASAHHL
€JIEKTPUYHOIO II0JIA 1 KepyIouoro CTpyMmy. ¥ HOC/TiAKeHHAX TeMHOI mpoBigHocTi 3 Bukopucranaam AMPS-1D
MH MOZEJIIOBAJIM ILTIBKM SK YepPryBaHHS aMOP(HMX 1 KPHUCTAIYHUX 00JIacTel 3 PIZHUMU KPHCTAIIYHUMU
o6'emunmu pariiavu (Bix 0 mo 80 %). PeaynbraTy mokasasu, 10 IPOBIIHICTD 3aJI€KUTD BiJ MIMPUHU JTi-
JISTHKY, IO PO3ZiiIsie aMOp(HI Ta KpucTasaidHl obsacti. Byia BusiBiieHa cuiIbHA KOPeJISIfis MIK €Heprieio
aKTHBAIlll ILIIBOK TiPOTe€HI30BAHOTO MIKPOKPHCTAIIYHOIO KPEMHII 1 06'€eMHOI0 YACTKOI KPUCTAJIIYHUX Pe-
YOBHH, Jie CIIIBBIIHOIIEHHS PO3MIpy 3€pHA JI0 HOr0 TOBIIUHU I'PAE BUPIMIAIBHY POJIb.

Knrouori cinosa: Mikpokpucraniuaa crpykrypa, Amopduwmit kpemsii, Temna mnposimaicts, AMPS-1D,

Eneprisa akrusarii, Esexrpuani BiactuBocti.
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