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Abstract— Hydrogenated amorphous silicon layers with crystalline nanoparticles have been produced by
plasma-enhanced chemical vapor deposition, with tetrafluorosilane added to the gas mixture. The photolu-
minescence kinetics and photoelectric properties of structures based on these layers have been studied. The
structures have a substantial photoresponse efficiency in the visible spectral range, with the position of the
photoresponse maximum dependent on the applied bias.
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1. INTRODUCTION

Nanocrystalline silicon and structures based on
this material are of considerable interest as objects of
study owing, first, to the manifestation of quantum-
confinement effects in their properties [1] and, sec-
ond, to the fact that silicon is the basis of modern
microelectronics. Various methods for synthesis of sil-
icon nanocrystallites (nc-Si) are being developed and
studied. The following requirements are imposed
upon these techniques:

(i) a technique should enable control over the size
of nc-Si and distances between these nanocrystallites;

(ii) since the properties of nc-Si are determined not
only by the size of nanocrystallites, but also, to a great
extent, by the state of the nc-Si surface, the choice of
the host medium, commonly a dielectric matrix of
varied nature, is important; and

(iii) the method should be comparatively inexpen-
sive and possess a high output capacity and reproduc-
ibility.

These conditions are satisfied by the method of
plasma-enhanced chemical vapor deposition (PECVD).
This method is widely used to obtain various silicon
layers: crystalline, polycrystalline, amorphous, and
nanocrystalline [2—4]. Silane and hydrogen serve as
starting substances in the PECVD technique. Addition
of halogenosilanes to the starting mixture enables dep-
osition of nanostructured silicon layers [5]. Silicon
layers have been deposited from a mixture of tetraflu-
orosilane with hydrogen; it was shown that these layers
contain both an amorphous phase and a crystalline
phase in the form of nc-Si nanocrystallites 6—9 nm in
size, which exhibit high-intensity photoluminescence
(PL) at 1.39 ¢V (890 nm) [6].

In this study, we examined layers of hydrogenated
amorphous silicon a-Si:H, deposited by PECVD from
a mixture of silane and tetrafluorosilane in the atmo-
sphere of argon and hydrogen, in order to determine
the effect of fluorine ions on the structure, PL spectra,
and electrical and photoelectric properties of the
amorphous layers. It is shown that even a minor addi-
tion of SiF, results in silicon nanocrystals appearing in
a layer.

2. PROCEDURE FOR FABRICATION
OF LAYERS AND STRUCTURES BASED
ON THESE LAYERS

Films with a thickness of 0.5 pm were deposited by
decomposition of a mixture of silane, argon, hydro-
gen, and tetrafluorosilane in a high-frequency glow
discharge plasma (PECVD) at a substrate (quartz, sil-
icon) temperature of 220°C. The relative contents of
the gases in the reaction mixture were 5% SiH,, 25%
Ar, 60% H,, and 10% SiF,.

Information on the structure of the films was
obtained by means of X-ray diffraction analysis, which
demonstrated that amorphous films of hydrogenated
silicon contain nanocrystalline inclusions with a char-
acteristic size of 3—4 nm (a-Si:H + nc-Si films).

To perform photoelectric and electrical studies, we
deposited a gold contact in the form of a grid onto the
surface of films formed on n-type silicon substrates
with a back ohmic contact.

3. MEASUREMENT PROCEDURE

We studied PL spectra and electrical and photo-
electric properties of films deposited on silicon sub-
strates. The PL was excited for time-resolved mea-
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surements by an ILGI-503 pulsed nitrogen laser
(wavelength 337 nm, pulse width 10 ns, pulse repeti-
tion frequency 100 Hz, average power 3 mW).
PL spectra were measured using an automated instal-
lation based on an MDR-2 monochromator, PhEU-79
photomultiplier, V9-5 stroboscopic voltage converter,
and CAMAC digital interface.

Current—voltage (/—V) characteristics of the
Au/a-Si:H + nc-Si/n-Si structure were measured
using a computerized installation with an ELYPOR-3
potentiostat.

A 150-W halogen lamp and an MDR-2 monochro-
mator served as sources of light for measurements of
photoresponse spectra. The light emerging from the
exit slit of the monochromator was focused onto the
sample. The photocurrent was determined from the
voltage drop across a small load resistor, measured
with a U2-8 selective amplifier under a reverse bias
applied to the structure. The photocurrent efficiency
was defined as the ratio between the number of elec-
trons involved in the photocurrent and the number of
photons absorbed in unit time.

4. MEASUREMENT RESULTS
AND DISCUSSION

4.1. Photoluminescence from an a-Si:H + nc-Si Layer

The PL spectrum of the a-Si:H + nc-Si layer has
the form of a very broad band (halfwidth exceeding
200 nm) with several peaks, the most pronounced of
which lie at wavelengths A = 515 and 560—570 nm
(Fig. 1). Compared with the PL from an amorphous
silicon layer produced by magnetron sputtering, the
PL intensity of the a-Si:H + nc-Si layer is two orders
of magnitude higher. Figure 1 shows time-resolved
PL spectra. It can be seen that the peak intensities dif-
ferently vary with increasing delay time. The relax-
ation is the slowest for the peak at A = 565 nm. The
relaxation times are very short: no longer than 50 ns for
the short-wavelength peaks and 60—70 ns for the peak
at A = 565 nm. We believe that the enhancement of the
PL from the layers we obtained is due to the appear-
ance of silicon nanocrystallites in these layers. The fast
relaxation of PL may be due to the poor passivation of
the nanocrystallites with hydrogen. If we assume that
the “slow” peak at A = 565 nm (2.18 eV) is due to the
quantum-confinement effect in nc-Si, then the size of
these nanocrystallites can be estimated. According to
[7], such an energy gap width corresponds to a crystal-
lite size of 2.6 nm. This value correlates with X-ray dif-
fraction data.

4.2. Photoresponse of the Au/a-Si:H + nc-Si/n-Si
Structure

The structure under study has the form of series-
connected a-Si:H + nc-Si layer and a heterojunction
at the interface between the layer and single-crystal-
line silicon. The /—V characteristic of the structure
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Fig. 1. PL spectra of an a-Si:H + nc-Si layer at different
delays between the arrival of a laser pulse and signal
recording: (/) 0, (2) 150, (3) 250, and (4) 350 ns. Scale of
the spectra: (1) x1, (2) x4, (3) x25, and (4) x125.

exhibits a rectifying behavior, with the positive bias at
the gold contact corresponding to the forward direc-
tion (Fig. 2a). The forward /—V characteristic has a
turn-on voltage of ~0.4 V. On the semilog scale, the
forward characteristic is linearized at small voltages
(see inset in Fig. 2a), with deviations from the straight
line at voltages exceeding 0.6 V not accounted for by
an increase in the voltage drop on the ohmic series
resistance.

The reverse I—V characteristics shows no leveling
off; the current increases with the reverse bias, which
is typical of wide-gap semiconductors (Fig. 2b).

The photocurrent efficiency spectra of the
Au/a-Si:H + nc-Si/n-Si structure, measured at differ-
ent reverse biases, are presented in Fig. 3. The spectra
show a peak in the high-energy part of the spectrum,
and this peak shifts to longer wavelengths, from 2.8 to
2.4 eV, with increasing bias. In the spectral range cor-
responding to the absorption in the n-Si substrate,
only a shoulder is observed in the photocurrent spec-
trum. Thus, despite the comparatively small thickness
of the a-Si:H + nc-Si layer, it is this layer that makes
the main contribution to the photocurrent in the
structure.

Similarly to the PL spectrum, the photocurrent
spectrum reflects the complex composition of the layer
(Figs. 1, 3). We believe that the a-Si:H layer serves as a
dielectric host for silicon nanocrystallites embedded in it.

The presence of several peaks in the PL spectrum
can be interpreted as existence of several characteristic
nanocrystallite sizes, instead of the common Gaussian
size distribution. This behavior is occasionally observed
in syntheses of nanoporous silicon [8], but it has not
been unambiguously explained so far.
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Fig. 2. (a) I—V characteristics of the Au/a-Si:H + nc-Si/n-Si
structure. Inset: forward /—V characteristic plotted on the
semilog scale. (b) Reverse /—V characteristic.

The shift of the peak in the photocurrent efficiency
spectrum with increasing reverse bias can also be
attributed to presence of silicon crystallites with differ-
ent sizes. Let us assume that, in the course of layer
deposition onto a substrate, the finest crystallites are
situated close to the heterojunction and, as the
a-Si:H + nc-Si  layer grows, increasingly coarse
nanocrystallites are formed. Then, as the applied bias
is raised, crystallites increasingly remote from the junc-
tion, which are coarser in our case, start to be involved in
the photocurrent; it is this circumstance that leads to a
shift of the spectral peak to lower energies.

We were also interested in the photoresponse of a
layer with Si nanocrystallites in the far-UV spectral
range, in which impact ionization and carrier multi-
plication at quantum dots (nanocrystallites) are
known [9, 10] to be possible upon absorption of pho-
tons with energies more than twice exceeding the
effective width of the energy gap (£,) in quantum dots.
The photoresponse efficiency spectra in the UV spec-
tral range (up to 4.2 eV) are shown in Fig. 4. Beginning
at approximately 2.8 eV, the efficiency sharply falls,
because incident photons are absorbed near the sur-
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Fig. 4. Photoresponse spectra of the structures in the short-
wavelength spectral range at different reverse voltages:
(H3and (2)9V.

face layer and carriers they generate cannot reach the
heterojunction.

In other words, at photon energies higher than
3.5 eV, only a weak signal of the photoconductivity in
the a-Si:H + nc-Si layer manifests itself in the photo-
response. A certain rise in the photocurrent efficiency
is observed in the high-energy part of the spectrum,
beginning at 3.9—4.0 eV. However, this signal is weak;
therefore, we cannot unambiguously attribute this rise
to impact ionization of carriers. Since most of nanoc-
rystallites have an effective E, within the range 2.4—
2.8 eV, a strong signal caused by impact ionization
must be observed at photon energies higher than 5 eV.
At the same time, our results suggest that further
efforts aimed at optimization of the layer composition
and development of the technology to improve the
passivation of nanocrystallites and raise their size will
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result in a substantial increase in the photocurrent effi-
ciency in the UV spectral range.

5. CONCLUSIONS

It was demonstrated that addition of trifluorosilane
to the gas mixture in deposition of a-Si:H layers by the
PECVD method results in silicon nanocrystallites
with sizes smaller than 3 pm being formed in a layer.

Layers of this kind are characterized by photolumi-
nescence in a wide spectral range, with peaks shifted to
shorter wavelengths in accordance with the nanocrys-
tallite sizes.

The photoresponse efficiency of the Au/a-Si:H +
nc-Si/n-Si structures fabricated in this study is mostly
determined by the absorption of light in the a-Si:H +
nc-Si layer and strongly depends on the applied bias.

The layers obtained are of interest for use in thin-
film solar cells.
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