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Visible photoluminescence in hydrogenated amorphous silicon grown
in microwave plasma from SiH 4 strongly diluted with He
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Room temperature visible photoluminescence~PL! of wide-band gap hydrogenated amorphous
silicon (a-Si:H) thin films prepared in SiH4 microwave plasma strongly diluted with He is reported.
Films were characterized by means of optical and infrared absorption, hydrogen thermal desorption,
and Raman scattering. The band gap ofa-Si:H films varies within the interval 2.0–2.2 eV,
corresponding PL maxima are located at 1.4–1.6 eV. The highest PL intensity was observed in
samples with a position of H–Si–H symmetric stretching vibration of the –(SiH2)n– units near the
frequency of 2100 cm21. The strong evidence for two distinct types of PL processes is presented:
one being linked with oligosilanes and the second one attributed to electron-hole recombination in
tail states. ©1999 American Institute of Physics.@S0021-8979~99!02315-4#
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I. INTRODUCTION

The need for stable light-emitting silicon-based mate
persists despite the extensive effort devoted recently to
rous silicon ~PS!. Although PS exhibits strong room tem
perature visible photoluminescence~PL! and electrolumines-
cence, aging and operational instabilities of PS devices le
open the question about the most suitable silicon-based
terial for optoelectronics. Among the possible candida
hydrogenated amorphous silicon (a-Si:H) could play an im-
portant role.1 The optical band gap of conventionala-Si:H is
1.7–1.8 eV and its room temperature PL is very weak wit
maximum in the near infrared~IR! region. The applicability
of a-Si:H would increase if this material exhibits sufficient
bright room temperature visible PL. Several nonconventio
preparation techniques ofa-Si:H with PL in the visible re-
gion have already been reported. Wolford, Reimer, a
Scott2 observed efficient visible PL froma-Si:H prepared by
homogeneous chemical vapor deposition~CVD! from SiH4

~silane! or by radio frequency~rf! plasma CVD from Si2H6

~disilane! at a low substrate temperature. Furukawa a
Matsumoto3 prepareda-Si:H films by rf plasma CVD from
disilane and the visible PL was tentatively attributed to
presence of oligosilane4 –(SiH2)n– units (n,11). Visible
PL, speculatively assigned to oligosilane units was also
served by Akiyama, Ogiwara, and Ogawa,5 who used rf glow
discharge silane plasma diluted with He. Oligosilane brid
were also proposed to explain the origin of visible PL of P6

In this communication, we report on room temperature v
ible PL from wide gap~.2.0 eV! a-Si:H samples prepare
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in microwave~MW! plasma of SiH4 strongly diluted with He
under electron cyclotron resonance~ECR! conditions.7 To
our knowledge, this is the first observation of visible P
from a-Si:H prepared from He diluted SiH4 by the MW ECR
PE CVD method. Moreover, we present strong experime
evidence, based on the observation of PL intensity as a fu
tion of characteristic IR vibration frequencies, that visible P
in wide-gapa-Si:H is mainly due to the presence of oligos
lane units, indeed.

II. EXPERIMENT

Samples ofa-Si:H were deposited on crystalline silico
wafers for IR absorption measurements and on a glass~Corn-
ing 7059! substrate for optical measurements. The M
power of 200 W from a Hitachi 2M107A magnetron~fre-
quency of 2.45 GHz! was applied at the chamber pressure
about 0.1 Pa. Silane-gas-flow rate of 1 sccm was used,
He-flow rate varied in the interval 25–40 sccm. The su
strate temperature was kept within the interval 110–170
Samples were used for measurements without any p
treatment.

Optical and IR absorption, hydrogen thermal desorpti
Raman scattering, and PL were measured for 13 samples
investigate PL properties as a function of temperatu
samples were fixed in a variable temperature cryostat.
spectra were excited by the 488 nm Ar1 laser line (P
530 mW cm22) and measured in the temperature range 7
295 K. PL was analyzed in a 20 cm monochromator~Jobin
Yvon HT20! and detected with a S1-type photomultipli
tube. The signal was processed with a photon counter.
spectra were corrected for the spectral response of the
perimental setup. IR absorption spectra were measure
il:
5 © 1999 American Institute of Physics
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room temperature by means of the Fourier-transform infra
apparatus Nicolet IMPACT 400 in the normal transmiss
mode.

Optical absorption coefficient values at room tempe
ture were determined from transmission measurements
the values of the reflectance coefficients of the air-film (R1),
film-substrate (R2), and substrate-air (R3) interfaces accord-
ing to the procedure described in Ref. 8. Using the val
R150.33, R250.17, andR350.04 we obtained absorptio
spectra and from the Tauc plots~plots of (ahn)1/2 vs hn! the
values of the band gap were determined. Raman spectra
excited with the 514.5 nm line of an Ar1 laser at a power of
;100 mW ~spectral width;3.3 cm21!. Thermal desorption
spectroscopy~TDS!, a method based on the mass spectro
etry of thermally evolved gases from the studied samp
was used to evaluate the total hydrogen content in
a-Si:H films and also to provide information about hydrog
bonding configuration inside the samples.

III. RESULTS

The optical absorption measurements ofa-Si:H give the
primary information about changes of valence and cond
tion bands of amorphous Si due to the incorporation of
drogen into the amorphous network. In Fig. 1 there are T
plots for samples VP6, WP2, XP3, UP3, and XP1. The ba
gaps are in the interval 2.0–2.2 eV, the gap opening w
respect to the standard device gradea-Si:H amounts 0.2–0.4
eV.9

IR spectra represent an important source of informat
about hydrogen bonding ina-Si:H. Figure 2 shows IR ab
sorption spectra for the same series ofa-Si:H films. Spectra
are ordered in the direction of the increasing wave numbe
the vibration in the vicinity of 2090 cm21 ~from 2084 cm21

for the VP6 sample to 2111 cm21 for the XP1 sample!. The
peak located in the vicinity of 2090 cm21 is assigned to the
SiH2 and –(SiH2)n– stretching modes.3,10 The blueshift of
this peak with the increasing number of the –SiH2– units is
usually explained by the increase of the effective electro
gativity due to the –(SiH2)n– formation. The symmetric
stretching vibration of the samples with the strongest

FIG. 1. Tauc plots ofa-Si:H films VP6, WP2, XP3, UP3, and XP1. Th
straight line indicates the fit for sample XP1.
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appears at 2100 cm21 which almost coincides with the
stretching vibration of the –(SiH2)2– unit.3 It should be
stressed that the standard~narrow-band gap! a-Si:H exhibits
only a vibration of the mode peaked at 2000 cm21, associ-
ated with Si–H vibrations. Appearance of visible PL is th
accompanied by the shift of the stretching vibration pe
from 2000 to 2084–2110 cm21. This indicates an importan
role of oligosilanes in the PL mechanism.5

Another source of information on hydrogen bonding
our a-Si:H films was TDS. An example of a thermal desor
tion curve~sample VP2! is in Fig. 3. There are two desorp
tion peaks—one with a maximum at about 300 °C, the ot
with a maximum in the vicinity of 530 °C. For compariso
there is also depicted a desorption curve of standard de
gradea-Si:H with only a high temperature peak~maximum
at about 470 °C!. This observation represents the seco
proof for different hydrogen bonding in standard and o
He-diluteda-Si:H films. The low temperature peak has be

FIG. 2. IR absorption spectra ofa-Si:H films VP6, WP2, XP3, UP3, and
XP1.

FIG. 3. Thermal desorption curve fora-Si:H film VP2.
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TABLE I. Deposition parameters ofa-Si:H films VP6, WP2, XP3, UP3, XP1, and characterization by me
of optical ~Tauc gaps! and IR spectroscopy~position of the H–Si–H symmetric stretch vibration of –(SiH2)n–
units and H content!, thermal desorption spectrometry~H content!, and normalized spectrally integrated P
intensitiesI PL .

Sample
VP6 WP2 XP3 UP3 XP1

Deposition parameters
SiH4 flow rate @sccm# 1 1 1 1 1
He flow rate@sccm# 40 35 25 35 35
Deposition temperature@°C# 170 145 140 110 125
Microwave power@W# 200 200 200 200 200
Sample thickness@mm# 1.55 1.58 2.20 1.88 0.99

Sample characterization
Tauc gapETauc @eV# 2.07 2.14 2.03 2.13 2.09
nH–Si–H @cm21# 2084 2099 2100 2103 2111
H content@at. %# 20 19 13 51 26
I PL @r.u.# 0.06 0.51 1.00 0.18 0.25
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attributed to debonding of –SiH2– in internal surfaces
cracks, or between columns ina-Si:H, the high temperature
peak comes from the bulk of the films.11,12 Characterization
parameters of our selected sample set are summarize
Table I.

The most important parameter of oura-Si:H films from
the point of view of potential applications is its PL. Figure
displays room temperature PL spectra of samples VP6, W
XP3, UP3, and XP1. PL spectra are corrected for the spe
response of our experimental setup and normalized to
absorbed excitation power~determined by means of th
sample thickness and the value of the absorption coeffic
at the excitation wavelength!. Room temperature PL from
most luminescing samples is visible with the naked eye. T
PL maxima were centered in the interval 800–900 nm~1.4–
1.6 eV!, similarly to PS, but the integral PL intensity of wid
gap a-Si:H is about two orders of magnitude lower und
otherwise identical experimental conditions.13

FIG. 4. PL spectra ofa-Si:H films VP6, WP2, XP3, UP3, and XP1 at room
temperature; excitation wavelength 488 nm, excitation power 30 mW cm22.
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IV. DISCUSSION

What is the origin of the PL from our MW ECR PE
CVD samples ofa-Si:H prepared from SiH4 under condi-
tions of strong He dilution? From the earlier mentioned c
incidence of the symmetric stretching vibration wave num
of the samples exhibiting the maximum of PL intensity a
that of the –(SiH2)2– unit, we can suppose that this visib
PL is related to the deexcitation of the oligosilane un
and/or their local environment. Let us examine this corre
tion more closely. For this purpose we have depicted
dependence of the spectrally integrated PL on the waven
ber of the symmetric stretching mode near 2090 cm21 for all
our samples. As we can see in Fig. 5, there is a surprisin
strong correlation between the integral PL intensity and

FIG. 5. Correlation between the integral PL intensity and the symme
H–Si–H stretching vibration of –(SiH2)n– groups for all the samples
Samples presented in Table I are indicated by label.
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wavenumber corresponding to the single –(SiH2)2– unit and
a vague correlation with other oligosilane units~forming
rather ‘‘noisy’’ background in Fig. 5!. Another argument in
favor of this interpretation are the results from hydrog
thermal desorption measurements. It follows from Fig. 3 t
in our a-Si:H films there is a large content of oligosilan
hydrogen bonding with respect to the device gradea-Si:H.
On the basis of these observations we can thus conclude
oligosilane units are responsible for observed variations
the integral PL intensity from our samples.

On the other hand, silicon nanocrystallites could be a
responsible for both the gap widening and the visi
PL—they have already been observed ina-Si:H from MW
ECR PE CVD of SiH4 diluted with Ar by Choiet al.14 In
order to address the possible role of Si nanocrystallites in
a-Si:H films, Raman spectra were measured. Figure 6
picts a typical Raman spectrum of our films~sample UP3!.
We can see only a broad band centered at about 480 c21

and no resolved peak at 520 cm21 characteristic for crystal-
line Si. We can therefore exclude the silicon nanocrystall
as luminescence centers in our samples.

An alternative mechanism for radiative deexcitation
a-Si:H is an electron-hole tunneling from tail states.15 In
order to clarify the role of this recombination mechanism
our a-Si:H samples, we measured the temperature dep
dence of PL within the temperature range of 75–295 K. A
suming the density of states close to the band edges is
pressed in terms of exponential band tails, the ther
quenching of the PL intensityI (T) is governed by the
formula15,16

ln@ I 0 /I ~T!21#5T/T0 , ~1!

whereT0 is a characteristic temperature~see details in Refs
1, 15, and 16!. Figure 7 shows a plot of the integral P
intensity as well as a plot of (I 0 /I (T)21) versusT for
sample WP2. For temperaturesT.120 K, the temperature
dependence follows closely the theoretical behavior given
Eq. ~1!. From the fitting procedure, the value ofT0 was
determined. The valueT056262 K for the WP2 sample is
close to the value of 64 K obtained previously for a wi
band gapa-Si:H sample prepared from a He diluted SiH4 rf
glow discharge plasma.9 Therefore, we can anticipate tha

FIG. 6. Raman spectrum of sample UP3 excited by Ar1 laser line 514.5 nm.
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also recombination through the tail states is partially resp
sible for the observed PL, even though discrepancies e
concerning the PL spectral shift with temperature9 and also
concerning PL lifetime measurements.17

An open question remains the relative contribution
these two radiative channels in the PL mechanism. At ro
temperature, we have observed a different ordering of the
intensities in our sample set to that atT575 K, and we sup-
pose therefore that the thermal quenching can be sample
pendent. This question requires more data and further s
is in progress.

V. SUMMARY

a-Si:H samples deposited from a silane plasma stron
diluted with He by means of the MW ECR PE CVD metho
exhibit room temperature visible PL. Maximum PL brigh
ness correlates with the IR stretching vibration mode in
close vicinity of 2100 cm21 corresponding to the –(SiH2)2–
unit. On the basis of the IR measurements, hydrogen ther
desorption, and PL temperature dependence in the inte
120–300 K, we assume that both the deexcitation link
with the presence of oligosilane –(SiH2)n– units and the
electron-hole recombination in localized tail states in t
a-Si:H band gap are involved in the PL mechanism.
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