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ABSTRACT

The pulsed PECVD involves modulation d standard 13.56 MHz RF plasma in the kHz range. This
alowsanincreasein the dectrondensity during the* ON’ cycle, whileinthe‘ OFF cycle neutralizing the
ionsresponsible for dust formation in the plasma. In thiswork, we report the development of state of the
art nano-crystdline S (nc-Si:H) materials using Pulsed PECVD technique with 220 crystdlite
orientation, grainsizeof ~200A, low O concentrationand aminority carrier diffusionlength, Lg, of ~1.2
mm. The aucia effects of p/i interface and the incubation layer have been investigated and an efficiency
of ~7.5% for single junction nc-Si:H p-i-n device has been achieved for the i-layer thicknessof 1.4 nm,

using non optimized textured substrates.

1. Introduction

Amorphous slicon (a-Si:H) materials are used in diverse gplication such asin active matrix
displays, electrophotography, image sensors and solar cells. Although solar cell conversion efficiency,h,
(~15.0% initial, small area) has been obtained with amorphous slicon (a-Si:H) [1], prepared by the
plasma enhanced chemical vapor deposition (PECVD) technique, theintrinsic light induced degradation
remains an impediment for large scae usage. Despite alvances in device design, the dficiency of
commercial modulesis low, ~ 8%. Moreover, the deposition rate (DR) for "device qudity" aSi:H films
remainslow (~1 A/s) and the gas utilization rate (GUR) is generally poor (<8%) leading to a high cost of
production.

Because instability should na be a major issue, the use of micro- (or rather nano-) crystaline
Silicon (nc-Si:H) is attracting much attention, viadepasiti on techniques, such asthe PECVD [2, 3], VHF-
PECVD [4], gas Xt [5] and HWCVD [6]. All of these techniques have resulted in h of 7-9% and the so
called "micro-morph" cell (comprising of aSi:H and nc-Si:H devices) using the PECVD technique has
resulted in h~13% at a deposition rate of ~1 A/s[7]; as the film thicknessrequirement in the device (for
nc-Si:H) is in the range of 1-3 mm, this is then an impractica approach. Using a similar deposition
approach and device configuration, Kaneka Co. has reported large area modues with a stabilized, h of
~10% [8]. Using the HWCVD technique, Klein et al. [6] havereported h~ 9.0% efficiency for n-i-p solar
cells, whileit is ~8% for stable device, but at a DR ~1 A/s). Using VHF-PECVD technique, the DR has

been increased to 5 A/s with h ~ 7%, in a single junction configuration. Using a conventional PECVD



(high pressure and low substrate temperature) technique, h > 9% [2, 3] has been achieved, but these
processconditions are not conducive for production dweto paential yield problems. The scale upwith of
VHF-PECVD is problematical [9] as would be expected for the Jet deposition technique dso. Hence dl
of the techniques, so far studied, confront the low DR, dust formation, and/or the compatibility issue of
large aea depaosition.

A technique that we consider, in this paper, uses apulsed PECVD technique. Thiscan, inadditionto
increasingthe DR, suppressesdust formation [10]. Thisisaccomplished by modulating the plasmainthe
range of 1 to 100 kHz and with an ON- to OFF-timeratio of 10-50%, so that negatively charged particles
can be etracted before they grow to sizes that can cause manufacturing yield problems. The time
averaged plasma properties when so moduated also differ markedly from those generated using
continuous wave (CW) excitation. Because the discharge in the plasma is not in equilibrium, time
modulation permits tuning of processng conditions and hence growth and surface of the resulting films
can be manipulated in arapid fashion. Previously we have shown that state of the at aSi:H materialsand

solar cells can be produced using thistechnique[11, 12] and that we have successfull y produced devices
on a larger area (30 cm X 40 cm). It should be emphasized that the technique is consistent with all

exigting systemsin the field as the inclusion of thistechnique only requires a minor modification. In this
paper, we extend the pulsed PECVD study to grow state of the art nc-Si:H films and single junction solar

cells based on nc-Si:H.

2. Experimental methods

The nc-Si:H films and solar cells were depaosited in a commercially available PECVD cluster tool
system specifically designed for the thin film semiconductor market and manufactured by MV Systems,
Inc. The pulsing (between 1-100 kHz) was superimposed orto a 13.56 MHz signal applied to the RF
plate. The process conditi onsfor nc-Si:H depositions were, RF power, 10-70 Watts, aflow rate of silane,
2-50 scem, hydrogen dilution of 90-99%, deposition pressure, 200-9000 mTorr and the heater

temperature (Ty) during film growth, 100 °C-450 °C.

3. Resultsand discussion
3.1 Nano-crystalli ne Sili con: material properties

There are several factors which determine the opto-electronic properties of nc-Si:H such asthe



orientation and pessvation of grains, oxygen concentration, voids, crystallinefraction etc. From adevice
point of view the criti cal factorsisthe minimization o theincubationlayer, control of interfaces, effect of
textured substrate, etc.

We have used a proprietary modified Pulsed PECVD techniqueto deposit nc-Si:H absorber intrinsic
layer in “superstrate’ type (glass/TCO/ZnO/nc-p/nc-i/a-n/Ag) configuration, whil ethe doped layers (nc-p
and a-n") were grown using the normal CW (fixed frequency of 13.56 MHz) technique. The structural
studies were performed on actual p-i-n devices grown simultaneously on ¢c-Si wafer using XRD, FTIR
and cross ctional TEM. The minority carrier diffusion length (Ly) was estimated from a reverse bias
guantum efficiency (QE) experiment after determining the depletion width from capacitance-voltage (C-

V) measurements.
Fig. 1 shows the dark conductivity,S, and DR asafunction d deposition pressure while Fig. 2

shows the XRD spectra of p-i-n devices grown at different deposition temperature, Ty, on c-Si wafers.
nc-Si:H films consists mostly of (220) oriented grainswith asize of ~ 15—18 nmand crystalinefraction
of ~ 80%. However, the integrated intensity ratio [(220) to (111)] l2d/l111 varies with Ty. The high
efficiency (7.5%) discussed below is (220) oriented with 12,¢111; ratio of ~2.0.

Fig.3 showsthat fromthe FTIR spectra, no change in the hydrogen content (~7 at%) in the film
with T was observed. The Si-O peak (~1090 cmY) intensity, however, increases with increase of Ty,
which implies an increase in the porosity of the film at higher T. Thereisalarge body of evidence that

the control of oxygen playsacrucia rolein the transport properties of the material. For instance, oxygen
isknown to act asadonor (O*) in aSi:H [13], i.e. O of about 10" cm® increases S , to about 10°° (ohm-

cm)™ from its normal value of ~10™° (ohm-cm)™ . Similar effects in nc-Si:H have dso been noted in

which the mobility of electrons (as determined by the Hall effect) remained constant at about 1 cm?/(V-s)”
! while the electron carrier density increased from 10" to 10" cm™® (i.e an increasein S ;) when the O

concentration increased from 10'® cm® to 10* cmi® [14]. It was surmised that the O may segregate & the
grain baundaries and hence the O*" donors lead to an increase in the recombination at the surface, i.e.
high surface recombination velocity. With the use of appropriate process conditions a passvation
reaction, such as O-Si;" + H® Si-O-Si + Si-H can take place [15], which promotes passvation of bords
at the grain bowndaries with the result that there is a minimization of recombination at the grain

boundaries and an improvement in the properties of the material. Evidence for this aso provided by the



related work on fine grained (size ~0.25 nm) poly-Silicon thin film transistors (TFT’s) [16]; in this, the
ON/OFF characteristics, Vy, (threshold voltage), field eff ect mobility are improved when the a-deposited
TFT is aubjected to H, O and H+O plasmas, with the latter exhibiting the best characteristics. For a gate
voltage, V4>V, the technique all ows the investigation of transport of carriersabovethe mnduction band
and acrossthe grain boundaries. Hence, the appropriate parameter to measure is the activation energy of
such transport as any impediment to its flow will be reflected in its changes. It was $own that the
activation energy (for V¢-Vy, = 10 volts) was the lowest (< 30 meV) for the O + H plasmatreatment while
in the as-deposited TFT, the ativation energy > 140 meV. This study would lend suppat to the
suggestion o the passivation reaction discussed above, leading to good passivation of the grain
bounceries.

We have measured L4 in an actual solar cell configuration, using C-V technique at a frequency
of 100 Hz. At such a frequency, al states in the intrinsic layer of the cell up to ~0.5 eV below the
conduction band should respondto the capacitance signal. Fig. 4 showsthe C-V curve and the slopes of
the curves give values of doping density 2.1 x 10" cm® near the p layer, and 7.6 x 10" cm™ at adistance
of 0.7 mm from the p layer. Knowing the depletion width from C-V measurements, L4 can be estimated
from a reverse bias quantum efficiency (QE); this involves deposition of ITO on the n* layer, and the
measurement of QE from a 500 nm light beam at different bias. At this wavelength, as most of the
photons are absorbed within < 0.1 nm, then the holes are generated essentidly at the back surface of the
intrinsic layer. By varying the bias voltage, the depletion width is changed, and therefore, the field-free
distance that the hole diffuses beforeit is svept away by the depletion field aso changes. By matching
this curve with asimple exp (-x/Lg) relationship for carrier coll ection, where x isthe thicknessof the field
free region, and we estimated the diffusion length, Lgis~1.2 mm.

3.2 Nano-crystalli ne Sili con: solar cells

The p/i interface, in a superstrate-type (p-i-n) device, plays a crucia role in determining the

device performance, as nc-Si:H often starts with an amorphous incubation phase, the extent of which

sensiti vely varies with the film growth conditi ons.

Figure 5 shows S, ~ 0.3 (ohm.cm)™* (lateral conductivity) of nc-p layer (using tri-methyl boron

(TMB) asadopant gas) that it increases several orders of magnitude in the thicknessrange of 20— 30 nm,

suggesting the presence of amorphausincubation phase in the nc-p layer deposited onglass.



Figure 6 shows a comparison of illuminated JV (current-voltage) characteristics of three types
of p-i-n solar cells with the same nc-p (60 nm) and an* (30 nm) layer but with three different i-layer
types; (i) ai layer (400 rm), (i) nc-i layer (750 rm), (iii) ai layer (~2 nm) followed by nc-i layer (750
nm). A good FF (0.68) for aSi:H i-layer indicates that the doped layers (nc-p and a-n) are reasonably
good, however, the device with nc-i layer exhibitsapoor device performance. A deliberate insertion of an
ai (even afew nmthick) at the p/i interface results in a severe deterioration of the device, i.e. alow FF.
Toreveal the structure of the film at the p/i interface (initial growth of nc-i layer on fully nucleated nc-p),
we studied the reflectance spectraat UV region. An additi onal reflection (at 365 rmand 275 nm) appears
due to the presence of any crystaline phase in the film, as shown in Fig. 7. The figure aso shows the
reflectance spectra for (i) nc-p layer, (i) ~7 nm nc-i layer on nc-p, (iii) ~7 nm nc-i layer on nc-p. The
curve (i) clearly showsthe shoudersat 365 nmand 275 nmareindicative of good crystalli nity in the nc-p
layer. However, ~7 nm nc-i layer directly grown on nc-p appears amorphous [curve (ii)]. The use of our
proprietary modified Pulsed PECVD resultsin asignificant increasein crystallinity in the overlying nc-i
layer [curve (iii)]. Either or both of the following reasons would result in such an initi al nucleation of nc-
i; (a) the technique modifies the nc-p surface resulting a high-density of nucleation sites for subsequent
nc-i layer growth and/or (b) removal of surface oxygen, which may form during inter-chamber (dope-to-
intrinsic) transfer, on nc-p film leading to a better nucleation of nc-i. Figure 8 shows the illuminated J-V
characterigtics of nc-Si:H p-i-n devices and we note a significant improvement in the device
characteristics when the incubation layer has been eliminiated.

Figure 9 shows the nc-Si:H p-i-n device performances (Voc, J, FF, h), under AM1.5
illumination, as a deviation from optimum heater temperature (Tou) of the nc-i layer growth. We have
achieved h ~ 7.5% (FF of 0.69) with an i-layer thicknessof ~ 1.4 nm. Figure 10 shows the relative
qguantum efficiency (QE) for nc-i layer fabricated at three diff erent heater temperature. All three devices
exhibit similar QE at the long wavelength (750 rm — 1000 mm) region indicating that the i-layer
properties (crystalline fraction and size) are identical as also noted from the XRD spectra in Fig.2.
However, there is a small difference & the short wavelength region (400 nm — 650 nm) for the device
grown at Top, resultingin aslight increasein Js (Fig. 9). Figure 11 showsthe variation of Ji asafunction
of i-layer thicknessat three different Ty. The value of Jg, starts to drop for the i-layer thicker than ~ 1.1

mm for higher Ty. However at lower Ty (closer to Top), Ji increases continuously with the thickness of i-



layer, which is a consequence of an improved i-layer quality in terms of improved L4 (presumably, a
better grain bowundary defect passvation) at lower Ty,.

Figure 12 showsthe dark J-V characteristics of the two devices (0.8 nm and 2.1 nm thickness)
grown at Ty Interestingly, the dark J-V characteristics shows a better device performance for thicker i-
layer, which isindicative of better i-layer quality for the thicker film. Thereis me evidencein literature
that the nc-Si:H material properties can in fact improve with thickness. For instance, using the SPV
technique, Ly improved from 0.8 nm to 1.2 nm when thickness was increased from 1 nm to 3 mm
respectively [17]. Kitagawa et al reported that the [intensity ratio of (220) to (111)] I,,¢/1111 increase with
thickness [18]. In contrast, Klein et al [6] report that the diode quality factor (estimted from dark J-V
characterigtics using the diode equation, Jsax = J[exp(eV/nkT)-1], where n is the diode quality factor)
increases from 1.4 to 1.8 when the device thicknessis changed from 1 nmto > 3 nm and attribute thisto
increased recombination within the bulk. However, in the inset of Fig. 12, we show that for the pulsed
PECVD produced devices, n decreases as the device thicknessincrease, which lends support to the notion
that the material properties actually improve with thickness.

Lastly, we show in Fig. 13, the cross sctional TEM for one of our high efficiency device. It isto
be noted that the grain grows perpendicular to the substrate andtendsto collide (indicated by two arrows
in Fig.13) with the neighboring grains and is due to the texturing of Asahi TCO substrate. Such agrain
collision during film growth may lead to poorer (defective) grain boundaries [2]. It should be noted that
the texture of Asahi TCO has been ogtimized for aSi:H based devices, and the Fig. 13 clearly indicates
that such texturing is not proper for nc-Si:H based devices. Therefore, thereis sgnificant roomfor further
improvement in device dficiency by developing a proper TCO texturing suitable for nc-Si:H film growth

and wsing ZnO/Ag as back contact.

4. Conclusion

The pulsed PECVD technique, by necessity, leads to a non-equilibrium plasma condition and
appears to suppress the nucleation centers that subsequently lead to dust, which in turn could reduce the
structural defectsin thefilm. The reduction in the particulate count in the plasmahas manufacturing yield
implications. In thiswork, We modified the existing Pulsed PECVD technique for the growth of nc-Si:H
films and solar cells. The technique has been demonstrated to reduce/elimination of amorphous

incubation phase & p/i interface (which has asevere deleterious effect on nc-Si:H devices). An efficiency



of ~7.5% (FFof 0.69) at an i-layer thickness of ~ 1.4 nm has been achieved on anon-optimized texture
of substrates (Ashai “U”-type TCO) by reducing the amorphaous incubation at p/i interface and by
optimizing the i-layer growth temperature. A minority carrier diffusion length of more 1 nm has been

achieved.
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Figure Captions:

Figure 1: Depositionrate and dark conductivity vs. deposition pressure for nc-Si:H films

Figure 2: XRD spectra of p-i-n devices grown at optimum Ty (Tow) and 20°C deviation in either side.
Figure 3: FTIR spectra of p-i-n devices grown at different Ty. TheY-scaleis difted for clarity.

Figure 4: 1/C? (estimated from C-V measurement) vs. applied reverse voltage for a typical pulsed
PECVD grown device.

Figure5: Variation o lateral dark conductivity using TMB asadopant gas for different film thicknesses.
Figure 6: llluminated J-V curve of p-i-n device with three different i-layer types (see text).

Figure 7: Reflectance spectraof (i) nc-p, (ii) nc-p/7 nmnc-Si:H (pulsed PECVD), (iii ) nc-p/7 nmnc-Si:H
(modified pulsed PECVD). The nc-Si:H and a-Si:H spectra has been shifted in Y-scale for clarity.
Figure 8: llluminated J-V curve of nc-Si:H p-i-n with and without modified pulsed PECVD technique.
Figure 9: Variation of open circuit voltage (Voc), short circuit current (Js), fill factor (FF) and efficiency
as adeviation from optimum heater temperature (Tox - Tw) during nc-Si:H i-layer growth.

Figure 10: Relative quantum efficiency (QE) of nc-Si:H p-i-n devices grown at three different T.
Figure 11: Variation d Ji; and FF as a function of i-layer thicknessat different Ty. Lines are guide to
eyes.

Figure 12: Dark J-V characteristics for nc-Si:H p-i-n devices grown at T,y for two different thicknesses.
Inset shows the variation of diode quality factor,n, asafunction of thicknessof nc-Si:H in a p-i-n device
structure.

Figure 13: Cross-sectional TEM of a high efficiency p-i-n device.
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