
Vol 16 No 8, August 2007 c© 2007 Chin. Phys. Soc.

1009-1963/2007/16(08)/2310-05 Chinese Physics and IOP Publishing Ltd

Electronic structure and defect states of transition

films from amorphous to microcrystalline silicon

studied by surface photovoltage spectroscopy∗

Yu Wei(u %), Wang Chun-Sheng(�S))†, Lu Wan-Bing(´�W),

He Jie(Û #), Han Xiao-Xia(¸¡_), and Fu Guang-Sheng(F2))

College of Physical Science and Technology, Hebei University, Baoding 071002, China

(Received 4 August 2006; revised manuscript received 12 December 2006)

In this paper, surface photovoltage spectroscopy (SPS) is used to determine the electronic structure of the hydro-

genated transition Si films. All samples are prepared by using helicon wave plasma-enhanced chemical vapour deposition

technique, the films exhibit a transition from the amorphous phase to the microcrystalline phase with increasing tem-

perature. The film deposited at lower substrate temperature has the amorphous-like electronic structure with two types

of dominant defect states corresponding to the occupied Si dangling bond states (D0/D−) and the empty Si dangling

states (D+). At higher substrate temperature, the crystallinity of the deposited films increases, while their band gap

energy decreases. Meanwhile, two types of additional defect states is incorporate into the films as compared with the

amorphous counterpart, which is attributed to the interface defect states between the microcrystalline Si grains and

the amorphous matrix. The relative SPS intensity of these two kinds of defect states in samples deposited above 300◦C

increases first and decreases afterwards, which may be interpreted as a result of the competition between hydrogen

release and crystalline grain size increment with increasing substrate temperature.
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1. Introduction

The hydrogenated transition films from amor-

phous (a-Si:H) to microcrystalline silicon (µc-Si:H)

have attracted much attention because the most sta-

ble high-performance a-Si:H solar cells can be ob-

tained just below the onset of microcrystallinity.[1,2]

The presence of microcrystalline Si grains and re-

duced defects offer potential improvements in their

solar energy conversion efficiency and carrier trans-

port properties.[3,4] Considerable work has been con-

centrated on the deposition and characterization of

a-Si:H transition films, though it is still a major sub-

ject to understand their nature and the connection be-

tween microstructures and optoelectronic properties.

Many techniques have been used to investigate

the nature and optoelectronic properties of the a-

Si:H transition films. The electronic density of states

was analysed by photoluminescence, optical absorp-

tion and photocapacitance techniques.[5−7] The de-

fect state distribution was determined by post-transit

time-of-flight spectroscopy. The improvement of the

device properties has been correlated to the improved

structural order and the associated lower defect den-

sity in the films. However, few works have concen-

trated on directly determining the electronic struc-

tures and correlating them with the microstructures

of transition a-Si:H films. Surface photovoltage spec-

troscopy (SPS) is a well-known surface-sensitive tech-

nique for studying the surface electronic structure of

semiconductor materials and devices.[8−11] SPS mea-

sured the results that the change in surface poten-

tial due to optically excited electron–hole pair un-

der periodic illumination and subsequent carrier re-

distribution or capture in the surface states, which

can give the information about both the optical and

electronic properties of semiconductor structures, e.g.

band gap energies and gap states characteristics. It

is nondestructive and more immediate and sensitive

in comparison with optical absorption and the x-ray

photoelectron spectroscopy technique. In this work,

the characteristics of the band and defect states have

been analysed by SPS technique for the a-Si:H transi-

tion films prepared by helicon wave plasma-enhanced
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chemical vapour deposition (HW-PECVD) method.

Raman scattering analysis is used to identify the mi-

crostructures of the deposited films. Their band gaps

and defect state distributions are obtained by SPS

analysis. The variation of the distribution characteris-

tics of defect states in the transition films with differ-

ent microstructures has been discussed according to

their growth conditions.

2. Experimental details

The a-Si:H and µc-Si:H samples are deposited

on the substrates of the 7059 glass wafers with or

without SnO2 coating layer simultaneously by HW-

PECVD technique, which has been discussed in de-

tail elsewhere.[12] In the experiment, the SiH4 and H2

flow rate is kept at 2 sccm and 40 sccm respectively.

The substrate temperature is used as a parameter to

modify film crystallinity. The microstructure of the

deposited films is characterized by Raman scattering

spectroscopy, where an Ar+ laser (514.5 nm) is used

as an excitation source. The incident laser power on

the samples is less than 1mW. The band gap energy

is analysed through UV–Visible (UV–Vis) absorption

measurements.

The surface photovoltage (SPV) technique is used

to characterize the electronic structures and defect dis-

tribution of the deposited films. A 150W tungsten-

halogen lamp through a prism monochrometer is used

as a light source. The output light is periodically

modulated and is focused on the sample in an area of

0.5 cm2 through a set of lens. In the experiment, the

capacitive coupling soft contact geometry is adopted

to pickup the signal through an indium tin oxide

(ITO) coated glass electrode above the sample.[13] The

AC variation of the surface potentials vs light wave-

length is recorded by a SR510 lock-in amplifier in

phase with the modulated light.

3. Results and discussion

Figure 1 shows the Raman spectra of the films de-

posited on the glass wafer at different substrate tem-

peratures. There are mainly three parts in all Ra-

man spectra: (1) 100–200cm−1, the transverse acous-

tical (TA) vibration mode of amorphous silicon (a-Si);

(2) 200–450cm−1, the longitudinal acoustical (LA)

and longitudinal optical (LO) vibration mode of a-

Si; (3) 450–550cm−1, the superposition of transverse

optical (TO) vibration mode of a-Si and µc-Si:H. It

can be seen that the intensities of TA, LA and TO

mode peaks corresponding to a-Si decrease as tem-

perature increases which suggests that the amorphous

fraction decreases gradually when the substrate tem-

perature increases. Normally the TO mode of a-Si

is at 480 cm−1, and that of single crystalline Si is

at the 520 cm−1. The scattering peak of the sam-

ple prepared under 200◦C is at 490 cm−1 which sug-

gests that the deposited film is more amorphous-like.

The TO scattering peak shifts to higher wavenumber

for the samples deposited at a higher substrate tem-

perature, indicating that the crystallinity of the de-

posited films increases with increasing the substrate

temperature. For 350◦C and 400◦C samples, a high-

wavenumber shoulder peak around 510cm−1 appears,

indicating that large µ-Si grains have formed in these

transition films. In order to give the crystallinity of

these films, we use a multi-Gaussian analysis to fit the

Raman spectrum.[14] The film consists of a-Si matrix,

µ-Si grain and an intermediate component. The mi-

crocrystalline volume fraction is obtained by the equa-

tion Xc = (Ic + IGB)/(Ic + IGB + Ia), where Ic, IGB

and Ia are integrated intensities of the µ-Si, intermedi-

ate and a-Si peaks respectively. The microcrystalline

volume fractions of 33%, 48%, 50% and 55% are ob-

tained for 200◦C, 300◦C, 350◦C and 400◦C samples re-

spectively, where the fraction of the transition phase

is more than 30% for all these films. There must be

a large amount of grain boundary at surface of crys-

talline silicon grains for their difference microstruc-

tures from that of amorphous phase.

Fig.1. Raman spectra of samples deposited under the dif-

ferent substrate temperatures

The SPV measurement is performed on the films

deposited on ITO coated glass substrate. A tangent
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method is used, through which we can determine the

position and type of the electronic states.[15] Under a

sub-bandgap illumination, the dominant charge gen-

eration process is the exchange of charge carriers be-

tween the semiconductor bands and local states. Un-

der super-bandgap illumination, the orders of magni-

tude of the probability of band-to-band absorption is

typically larger than that of the probability of trap-

to-band absorption and then the effect of trap-to-band

absorption is negligible.

Figure 2(a) shows the SPS of the film deposited

at the substrate temperature of 200 ◦C, in order to

emphasize the changes in the slope of the SPS we add

the extrapolated slopes to the figure. As can be seen,

the main feature of the SPS is that its intensity goes

through a slow increase at 2.15eV, which should be

the response of band-to-band transition. It has been

shown by Raman spectra that there is a low crystalline

content in this sample. So the rise at 2.15 eV corre-

sponds to the band gap of amorphous Si and this value

is consistent with that determined by UV–Vis mea-

surement as shown in Fig.2(b), where the optical band

gap Eg is determined by (αhν) = (hν −Eg)
1/2, where

α is the absorption coefficient and hν is the photon

energy.[16] Besides the bandgap energy, there are some

other SPS features as shown in the inset of Fig.1(a)

about different kinds of defect states in the film. The

fist positive slope developing at hν = 1.05 eV indi-

cates an electronic excitation from a localized state

into the conduction band which lies at Ec − 1.05 eV.

The negative slope developing at hν = 1.49 eV cor-

responds to an electronic excitation from the valence

band to a localized state which lies at Ev+1.49eV.

Finally the negative slope change at hν = 1.86eV cor-

responds to the top of the valance band tail marked

as Ec − 1.86 eV.

Fig.2. SPV and UV-VIS absorption spectra of samples deposited under 200 ◦C. (a) The SPV spectrum. (b)

(αhν)1/2 against photon energy.

According to above analysis, the electronic band

structures of this 200 ◦C deposited film is similar to

undoped amorphous Si films deposited by PECVD

technique.[17] Setting the valence band Ev as refer-

ence, we find that the top of valence band tail is at

0.29 eV above, which is calculated from the difference

between the band gap and the top of valance band tail.

Donor-like state of Ec − 1.05 eV is primarily occupied

by electrons and it is ascribed to single or double oc-

cupied dangling band (D0, D−) and EV +1.49eV is

ascribed to singled or unoccupied dangling band (D0,

D+) which is primarily positively charged.[18]

Figure 3 shows the SPS spectra of the samples de-

posited at higher substrate temperature. Parts of SPS

characterizing the detailed distribution of gap states

are given in every inset of the figure. As can be seen,

the position of the SPS with a sharp increase is the

characteristic of beginning of band-band absorption,

which moves to lower energy than that of the 200 ◦C

sample. The derived bandgaps are 2.14 eV, 1.96 eV

and 1.92 eV for 300 ◦C , 350 ◦C and 400 ◦C samples

respectively. The bandgap decreases with increasing

the substrate temperature, this is consistent with the

results of microcrystallinity improvement and the mi-

crocrystalline Si grain size increment.[19] The positive

signals have been ensured by adjusting the phase of

lock-in amplifier which has about 180◦ difference con-

trast with that in Fig.2, so each negative slope in these

figures is attributed to a transition from the donor-like

state occupied primarily by electrons to the conduc-
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tion band and each positive slope change is identified

as a transition from the valence band to the acceptor-

like state, which is occupied by holes. Four defect

states can be derived from these samples, which are

shown in the insets of Fig.3. The positions of these

defect states are listed in Table 1.

Fig.3. SPV spectra of the films deposited under different temperatures: (a) 300 ◦C, (b) 350 ◦C and (c) 400 ◦C.

Table 1. Position of defect states in the µc-Si:H films deposited under the different temperatures.

Deposited Position of acceptor-like Position of donor-like

temperature states: Ev + b2 and Ev + b1 states: Ec − a1 and Ec − a2

300 ◦C Ev+0.98eV Ev+1.13eV Ec − 1.06eV Ec − 1.26V

350 ◦C Ev+1.00eV Ev+1.18eV Ec − 1.06eV Ec − 1.32V

400 ◦C Ev+1.13eV Ec − 1.05eV Ec − 1.27V

The electronic structure and the distribution of

defect states in µc-Si:H films postulated from the

above SPS measurements can be schematically shown

in Fig.4. The defect states in the band gap have

split into four groups which are signified as Ec − a1,

Ec − a2, Ev + b1, Ev + b2 in the diagram. This split-

ting comes from the incorporation of more microcrys-

talline Si grains into µc-Si:H films in comparison with

the amorphous-like film. From Table 1 and the insets

in Fig.3 we can see that the location of these states

has changed only a little. Besides, the Ec − a2 and

Ev + b2 states are deeper states and have a larger in-

tensity change in SPS in comparison with the Ec − a1

and Ev + b1 states, which can be tentatively inter-

preted as follows: that these two defect states are

contributed to the Si dangling band in amorphous Si

matrix and the other two defect states Ec − a1 and

Ev+b1 are contributed to dangling bands at the inter-

face between microcrystalline Si and the amorphous

matrix.[20] This is also consistent with the three-phase

model, which suggests that µc-Si:H consists of crys-

talline grains surrounded by grain boundaries and em-

bedded in an amorphous matrix,[21] in this case, the

defect absorption from the disordered grain bound-

aries (GB) becomes evident.[22] The intensity varia-

tion of the SPS concerning the defect states at dif-

ferent substrate temperatures is
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Fig.4. Schematic diagram of electronic structure and dis-

tribution of defect states in microcrystalline Si films.

closely related with the microstructure change. As can

be seen in Fig.3, the relative SPS intensity of defect

states to that of band-band transition increases first

and decreases later with increasing deposition tem-

perature and the Ev + b2 state becomes ambitious for

400 ◦C sample. This trend can be accounted for by the

competition between hydrogen releasing effect and Si

grain size increasing while the films grow. With the

increasing substrate temperature, the density of sili-

con dangling bonds at the surface of microcrystalline

Si grains and in amorphous Si matrix will increase be-

cause of the enhanced possibility of bonded hydrogen

releasing, which is the cause of SPS signal enlarge-

ment. While both the crystallinity and the size of

nanocrystalline Si particles increasing at a higher sub-

strate temperature will change the above tendency,

the reduction of amorphous contents and GB areas

causes a decline of the density of Si dangling bonds at

the interface and in the amorphous matrix and then

the decrease of SPS intensity.

4. Conclusion

In summary, the SPS technique has been used to

characterize the defect states of hydrogenated amor-

phous and microcrystalline Si films. The analysis

shows that there are two defect states in amorphous-

like Si, which can be attributed to the unoccupied,

single occupied and double occupied dangling band.

For microcrystalline Si, there are two additional de-

fect states, correlated to the interface states between

microcrystalline Si grains and amorphous matrix; the

position of these states only have a small shift. The

relative intensity of these two kinds of defect states

in samples deposited above 300 ◦C increases first and

decreases afterwards due to the competition effect of

hydrogen release and crystalline grain size increment

with increasing substrate temperature.
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