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Photocurrent response of hydrogenated nanocrystalline silicon thin films
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We report on the optoelectronic properties of the hydrogenated nanocrystalline silicon 共nc-Si:H兲 thin
film containing large density of nanometer grains and voids. By comparison with the bulk silicon,
strong optical absorption and high photocurrent are found in the nc-Si:H thin film and attributed to
the enhancement of the optical absorption cross section and good carrier conductivity in the
nanometer grains and voids. The observed strong photocurrent signals can be well described by the
extended diffusion-recombination model. The high photocurrent response may facilitate the
fabrication of infrared photodetector by a single layer of nc-Si:H thin film on a glass substrate,
which shows superiority to the traditional amorphous Si photodetector with a diode or
Schottky-barrier structure constructed by multilayer films on the crystalline Si substrate. © 2006
American Institute of Physics. 关DOI: 10.1063/1.2388042兴
I. INTRODUCTION

The amorphous silicon 共a-Si兲 material has attracted
much attention for potential application in optoelectronic devices due to its merit of strong optical absorption. However,
there is an unavoidable disadvantage in the a-Si thin films
with high density of dangling bonds and midgap states,
which strongly localize the free carriers and shrink the carrier lifetime. These factors result in a low efficiency of the
free carrier production and therefore the energy conversion.1
The hydrogenation of the a-Si to fabricate the hydrogenated
a-Si 共a-Si: H兲 thin films has been known to be a very good
way to improve the carrier transport properties through the H
atoms not only saturating the dangling bonds and degrading
the charge-trapper density, which enhances the collection efficiency, but also forming short-range order 共nanocrystallinity兲 that causes the a-Si: H to be a semiconductor material
with higher carrier mobility. However, the photocurrent response of the a-Si: H is still not good enough for high performance optoelectronic devices due to its low conductance.
Usually, a-Si: H thin films should be grown on crystalline
silicon 共c-Si兲 substrates to form Schottky-barrier or diode
structures, where the a-Si: H film must be thin enough 共less
than 1 m兲 to effectively collect the photogenerated carriers
due to the short diffusion length and recombination time.
The recent investigations have shown that the hydrogenation under certain conditions could further induce the
disorder-to-order structure transition, resulting in the formation of high density of nanocrystals in the a-Si thin films.2
Generally, the hydrogenated nanocrystalline silicon 共nc-Si:H兲
thin films are composed approximately of 50% Si nanocrystals 共mean grain size 3 – 6 nm兲 and 50% a-Si tissues in the
interface regions among the grains.3 The high density of nanometer grains in the nc-Si:H largely improves the structure
order and impurity doping efficiency, resulting in a high cona兲
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ductivity in the range of ⬃10−2 – 102 ⍀−1 cm−1,3–5 much
higher than that of a-Si or a-Si: H materials in the range of
⬃10−8 – 10−4 ⍀−1 cm−1.6,7 The improved conductivity in the
nc-Si:H thin films would also be advantageous to the photogenerated carrier collection, which leads to a wide potential
optoelectronic applications with improved performance, such
as the infrared detection and imaging devices.8,9
In this paper, we report the optoelectronic properties of
high-quality nc-Si:H thin films on glass substrates by
plasma-enhanced chemical vapor deposition 共PECVD兲. In
combination with the x-ray diffraction 共XRD兲, Raman,
current-voltage 共I-V兲, and Hall measurements to identify the
structure and carrier transport properties of the nc-Si:H thin
films, we have employed the optical transmission and photocurrent measurements to investigate the photogenerated carrier characteristics. We will show that the band-gap transition
within the nanometer Si grains dominates the observed photocurrent response.

II. SAMPLE GROWTH AND STRUCTURAL
CHARACTERIZATIONS

The nc-Si:H thin film samples were prepared in a radio
frequency 共13.56 MHz and power 60 W兲 capacitively
coupled PECVD system from silane 共SiH4兲 and hydrogen
共H2兲 at a temperature of 250 ° C and a chamber pressure of
1.0 Torr. The percentage content of silane 共SiH4 / SiH4 + H2兲
is about 1.0%. The nc-Si:H thin film samples with a thickness of ⬃1.0 m were doped with phosphine 共PH3 / SiH4兲 of
⬃0.8% on the glass substrates. The deposition rate is as low
as about 0.3 Å / s under the present hydrogen dilution, resulting in good quality and stability of the nc-Si:H film with
hydrogen content of ⬃5.0 at. % revealed by elastic recoil
detection analysis.5 The structure of the nc-Si:H thin films
has been characterized by XRD, Raman, and infrared transmission measurements, which were performed on a Brukeraxs D8Advance instrument in the standard -2 configuration, a Jobin Yvon LabRAM HR800 UV micro-Raman
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LD, and surface recombination velocity S. In the case of
␣d Ⰷ 1 without the optical multireflection in the specimen,
the generation ratio of the photoexcited excess carriers g共x兲
can be expressed as g共x兲 = ␣共1 − R兲exp共−␣x兲 with the reflectivity R. However, the optical multireflection usually cannot
be neglected due to the relatively weak absorption in semiconductor thin films, which will result in the modification of
the generation ratio as13
g共x兲 = ␣共1 − R兲
FIG. 1. 共a兲 Experimental x-ray diffraction spectrum 共circles兲 of the nc-Si:H
thin film sample together with the Lorentzian fitting 共solid curve兲 to the
three diffraction peaks of 共111兲, 共220兲, and 共331兲. 共b兲 Experimental 共circles兲
and fitted 共solid curve兲 Raman spectra of the nc-Si:H thin film sample.

system in backscattering configuration 共with a laser wavelength of 514.5 nm兲, and a Nicolet Nexus 870 Fourier transform infrared spectrometer, respectively.
Figure 1共a兲 presents the XRD results of a typical nc-Si:H
sample 共open circles兲 displaying two clear diffraction peaks
of 共111兲 and 共220兲, together with a dim 共331兲 peak of Si.
Using Lorentzian fitting 共solid curve兲 to the diffraction peaks
as well as the Scherrer formula,10 we can obtain the average
grain sizes of Si nanocrystals D共220兲 of 2.9 nm. It should be
noted that the appreciable low-angle scattering in the range
of 2 ⬍ 15° is indicative of the actual nanometer-sized voids
within the nc-Si:H thin film.11 In addition, the Raman scattering data 共open circles兲 in Fig. 1共b兲 clearly exhibit the typical asymmetric peak, involving the contribution from both
the Si nanocrystals at ⬃510– 520 cm−1 and the amorphous
phase at ⬃480 cm−1. For the determination of the crystalline
fraction XC, the Raman spectrum is decomposed into three
Gaussian phonon bands with peaks at 480 cm−1 共dashed
curve兲, 510 cm−1 共dash-dotted curve兲, and 518 cm−1 共dotted
curve兲. XC of 48% is then obtained from the ratio of the
integrated intensity of the Gaussian bands centered at 510
and 518 cm−1 to the total integrated intensity of the three
bands.12
III. THEORETICAL BACKGROUND

For a photoconductive semiconductor illuminated by
light, the photoexcited carrier pairs will diffuse and recombine to produce photocurrent. Within the constraints of the
drift-diffusion approximation, carrier transport in the photoconductive semiconductor can be completely described by
the equations of carrier diffusion, charge conservation, and
current continuity. By solving these equations, we can obtain
the photoexcited excess carriers ⌬n along the light incident
direction 共x兲 as13–15

冉 冊

⌬n共x兲 = C exp

冉 冊

x
x
g共x兲
+ B exp −
+
2 ,
LD
LD
1 − ␣ 2L D

共1兲

where C and B can be determined by the boundary conditions assuming that the recombination at each surface occurs
at the same rate. References 14 and 15 have presented the
detailed expressions of C and B as the functions of the thin
film thickness d, optical absorption coefficient ␣, volume
recombination lifetime , bulk ambipolar diffusion length

exp共− ␣x兲 + R exp共− 2␣d兲exp共␣x兲
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The corresponding photocurrent in semiconductor thin films
after the consideration of both the optical multireflection and
the surface recombination can be written as
IPC ⬀

冕

d

⌬n共x兲dx ⬀ ␥

0

冋

⫻ 1 − e −␣d −

1−R
2
1 − ␣ 2L D

册

␣LS共1 + e−␣d兲 + ␣2LD2 共1 − e−␣d兲
,
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where ␥ = 共1 + Re−␣d兲 / 共1 − R2e−2␣d兲 and LS = S relates the carrier flux at the interface to the excess carrier concentration.
In the case of ␣d Ⰷ 1, the factor ␥ due to the multireflection
approaches a constant and Eq. 共3兲 returns to the previous
results in Refs. 13 and 14.
As well known, the interband and bandtail transitions
dominate the optical absorption in the nc-Si:H thin film due
to the short-range-ordered and long-range-disordered structures. Therefore, the following expression is usually applied
to describe the real optical absorption coefficient ␣ of indirect band-gap semiconductors16 such as nc-Si:H,

␣共E兲 =

再

␣0 exp关E/Eu兴 E 艋 Et ,
B0共E − Eg兲2/E E ⬎ Et ,

冎

共4兲

where ␣0 and B0 are constants independent of the photon
energy E, Eg is the optical band-gap energy, Et and Eu could
be interpreted as characteristic energies of the distribution of
electronic states in bandtaillike regions. Usually, the optical
absorption coefficient can be obtained from the optical transmission or reflection spectra. The optical constants of the
nc-Si:H thin film can be expressed as
N f = n f + ik f .

共5兲

The imaginary part of the complex refractive index k f is
related to ␣ by k f = ␣ / 4. For the dispersion of the nc-Si:H
refractive index n f , we use a modification of the Sellmeier
formula suggested by Herzberger, n f = nA + nB / 共2 − 0.028兲,
where  is the wavelength in micrometers, nA and nB are the
material constants determined by optical transmission experiments.
As demonstrated in the low-angle XRD results of Fig.
1共a兲, the nanometer voids at the surface and grains in the
volume of the 1-m-thick nc-Si:H thin film would also have
an effect on the optical results, which should be taken into
account in the calculation. The root-mean-square 共rms兲
roughness  of these inhomogeneous voids and grains in the
nc-Si:H thin film is about a few tens of nanometers, far
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FIG. 2. Room-temperature 共a兲 dark current-voltage characteristics of the
nc-Si:H thin film sample and 共b兲 photocurrent spectra of the nc-Si:H thin
film sample measured under various bias voltages. The inset shows the
configuration for the photocurrent measurements.

shorter than the light wavelength at the optical band-gap energy, where the optical reflection and transmission can be
described by the light scattering factors Sc within the scalar
theory. Thus, the Fresnel coefficients for amplitudes of reflected 共r12兲 and transmitted 共t12兲 lightwave at the rough interface between media 1 and 2 can be simply expressed as17
r12 =

冋 冉 冊册
册冎
再 冋
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1 4  n 1
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exp −
2
n1 + n2
n1 + n2
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t
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exp −
t12 =
2
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n1 + n2


2

共6兲
,

where  is the rms surface roughness between the media 1
and 2 with their corresponding refractive indeces n1 and n2.
Given the nc-Si:H thin film grown on a nonabsorbing substrate with a corresponding refractive index ns 关for the glass
substrate ns = 1.55 共Ref. 18兲兴, we can obtain the optical transmission of the thin film from Eqs. 共4兲–共6兲. Through fitting
the experimental transmission spectra, we will have the important optical parameters, such as the band-gap energy Eg,
rms surface roughness , and absorption coefficient ␣. Following this fitting procedure, we can further get the bulk
ambipolar diffusion length LD and surface recombination
length LS by calculating the photocurrent with Eq. 共3兲.
IV. RESULTS AND DISCUSSIONS

We start with the electrical transport measurements of
the dark I-V and Hall experiments. In these electrical experiments, indium has been employed as the contact material.
Figure 2共a兲 shows the room-temperature dark I-V characteristics measured with a computer-controlled Keithley 2400
source meter. The linear shape of the I-V curve for the
sample with coplanar electrodes demonstrates that indium is
a good Ohmic contact material for the nc-Si:H thin films.
The Hall measurements under a standard Van der Pauw configuration show its room-temperature conductivity of
3.6 ⍀−1 cm−1 共with on electron mobility of 0.13 cm2 / V s
and an electron concentration of 1.9⫻ 1020 cm−3兲. As demonstrated in the structural characteristics of Fig. 1, it is the
formation of high density nanocrystals that results in the
much higher conductivity in nc-Si:H than that of a-Si: H
共below 10−4 ⍀−1 cm−1兲.6 The improvement of conductivity
will be certain to improve the photogenerated carrier collection efficiency.

On the basis of the good and stable electrical contacts
between the indium and the nc-Si:H thin films, the photocurrent measurements have been carried out on a Nicolet Nexus
870 Fourier transform infrared spectrometer calibrated by a
DTGS TEC detector. Two Ohmic contacts are formed on the
nc-Si:H thin film in the size of about 4.0 mm2 and 1.0 mm in
distance, as illustrated in the inset of Fig. 2. Usually, the free
carrier concentration increases in the semiconductor due to
the photogenerated carriers. Under a fixed external voltage,
the resultant photocurrent signal increases with the photon
energy below a threshold due to the increased optical absorption, but decreases above the threshold due to the recombination of the photogenerated carriers caused by the extremely strong optical absorption. These two inversed
processes often result in the appearance of a photocurrent
peak, as clearly observed in Fig. 2共b兲.
Figure 2共b兲 presents four room-temperature photocurrent
spectra of the nc-Si:H thin film sample measured under a
series of applied biases. The experimental photocurrent signal is very small at zero bias, but increases rapidly with the
applied bias, indicating that the external field is helpful for
improving photocurrent signal due to the enhancement of the
free photocarrier generation and transport. The process of
free photocarrier generation should start with the absorption
of light to form an exciton state in grains where the electronhole pairs are bound together, and then the external electric
field separates these bound electron-hole pairs into free
carriers.1 In the nc-Si:H thin film, the external field not only
helps the free photocarrier generation, but also enhances the
photocarrier hopping through the boundaries by increasing
the tunneling probability. Therefore, the observed photocurrent in the nc-Si:H thin film is a result of field-assisted carrier
generation and hopping transport,9,19 and we can attribute the
photocurrent to be the multiple tunneling and/or hopping
transports of the dissociated electron-hole pairs within the
grains under the external bias.
Furthermore, the process of free carrier generation due
to the absorption of light to form an exciton state within
grains is demonstrated by the photon energy dependence of
the experimental photocurrent spectra. As clearly observed in
Fig. 2共b兲, the experimental photocurrent begins with the photon energy of 1.05 eV, which is very close to that of c-Si
共⬃1.08 eV兲 at room temperature. This characteristic of optical absorption is associated with the crystallites contained
within the thin film, as revealed in the XRD and Raman
results above. The photocurrent signal below 1.05 eV, as a
result of the transitions from the dominant deep defect band
and the bandtail region in the a-Si: H boundaries, becomes
very weak and hard to be distinguished from the noise signals. It should be noted that the strong photocurrent signals
in the photon energy range from 1.05 to 1.50 eV are a result
of the band-gap transition occurring in the photon energy
below the a-Si: H band gap 共⬃1.70 eV兲, with a threshold
energy of 1.05 eV due to the nanometer Si grains in the thin
film.17,20 Although the photon energy threshold of the bandgap transition within the grains is nearly the same as that of
the bulk Si materials, they take on quite different behaviors,
as discussed below.
Figure 3 presents the enlargement of the photocurrent
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spectrum under a bias voltage of 3 V for the nc-Si:H,
as well as a comparison with the results of c-Si from Ref.
19. In the weak absorption regime near the band edge 共␣
→ 0兲, Eq. 共3兲 can be simplified as IPC = ␣关d − 2LS / 共1
+ LS coth共d / 2LD兲 / LD兲兴, indicating that the photocurrent is directly proportional to the strength of optical absorption. As
well known, the phonon-assisted transition absorption plays
an important role in the indirect gap materials of c-Si, resulting in the increase of the photocurrent with the temperature.
In the band-gap transition, the absorption coefficient near the
band edge can be simply expressed as ␣共E兲 = A共E − Eg兲x with
constant A, where the power number x = 0.5 for direct bandgap and 2.0 for indirect band gap. The fitted curve in Fig. 3
reveals that the power number x is 2.0 for the c-Si but 0.9 for
the nc-Si:H. In addition, the photocurrent of the nc-Si:H thin
film shows a rapid increase by two orders of magnitude at
the sub-band-gap energy edge, even higher than that of
c-Si. The strong optical absorption can be explained by the
destroy of the crystal moment and symmetry selection rules
in the phonon-assisted band-gap transition due to the loss of
translational symmetry at the grain boundaries. In fact, the
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the conductivity and optical absorption cross section. The
nanometer grains and voids in the nc-Si:H thin film have an
ability to optimize the photocurrent response, even higher
than that in bulk c-Si. The observed high photocurrent response in the nc-Si:H thin films grown on the glass substrates can be expected to be applied on the commercial optoelectronic devices with high performance and low cost.
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crease of thickness d, the interference fringe becomes dense
and weak in the regime above the band gap due to the increase of optical absorption, as already observed in the experiments of the a-Si: H thin films.23 Accordingly, the photocurrent signal increases due to the increase of photoexcited
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V. CONCLUSIONS

We have demonstrated that the band-gap transition occurring within the grains dominates the optical absorption
and photocarrier generation under the electric field in the
nc-Si:H thin films through the photocurrent and optical transmittance experiments, together with the structural characterizations by XRD and Raman. These experimental results
show that the formation of nc-Si:H thin film with high density of nanometer grains and voids is an effective way to
improve the photogenerated carrier collection efficiency and
enhance the photocurrent response through the increase in
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