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Preface 
This research project has three broad objectives: 

a 

a 

a 

We seek a deeper understanding of the open circuit voltage VOC in amorphous silicon based solar cells, 
and in particular for cells employing wide bandgap modification of amorphous silicon as their absorber 
layer. Our technical approach has emphasized the development of electroabsorption measurements as 
a tool for probing the built-in potential of a-SkH based solar cells. 

We are working to improve V i  in wide bandgap cells by searching for superior materials for thep- 
type “window layer” of the cell. 

We seek to improve our understanding of the fundamental electron and hole photocarrier transport 
processes in the materials used for amorphous silicon based solar cells. 

In addition to the authors of this report, we have reported work which includes the contributions of several 
collaborators, in particular Reinhard Schwarz, S t e h  Grebner, and Fuchao Wang of the Technical 
University of Munich, and Richard CrandaU, Eugene Iwanicszko, Brent Nelson, and Qi Wang of the 
National Renewable Energy Laboratory, Subhendu Guha and Jeff Yang at Unitd Solar Systems Corp., 
and Xunming Deng at Energy Conversion Devices, Inc., 

We have also benefitted fiom the cooperation and interest of several other scientists and organizations. In 
particular we thank Christopher Wronski at Pennsylvania State University, Steve Hegedus at the Institute 
of Energy Conversion, University of Delaware, and Murray Bennett at Solarex Corp. Thin Films Division. 

Summary 
We have developed a technique based on electroabsorption measurements for obtaining quantitative 
estimates of the built-in potential in a-SkH based heterostructure solar cells incorporating 
microcrystalline or a-SiCHp layers. This heterostructure problem has been a major limitation in 
application of the electroabsorption technique. The new technique only utilizes measurements fiom a 
particular solar cell, and is thus a signiscant improvement on earlier techniques requiring 
measurements on auxiliary h. 

Using this new electroabsorption technique, we confirmed previous estimates of V.& k: 1.0 V in a-SiH 
solar cells with “conventional‘‘ intrinsic layers and either microcrystalliue or a-SiC:Hp layers. 
Interestingly, our first measurements on high V, cells grown with “high hydrogen dilution” intrinsic 
layers yield a much larger value for V, = 1.3 V. We speculate that these results are evidence for a 
significant i n t e b  dipole at theph heterostructure interface. Although we believe that interfke 
dipoles rationalize several previously unexplained effects on a-SkH based cells, they are not currently 
included in models for the operation of a-SkH based solar cells. 

We have made extensive measurements of hole mobilities in hot-wire deposited a-Si:H. Some of the 
hot-wire samples yielded standard hole drift mobilities up to five times higher than found in 
conventional plasmadeposited a-SkH, We note that the group at Electrotechnical Laboratory in Japan 
has claimed even larger hole drift mobilities for their materials deposited in a triode plasma reactor. 
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We have signiscantly clarified the relationship of ambipolar diffusion length measurements to hole 
drift mobilities in a-S?H. The ambipolar diffusion length L d  is arguably the single most influential 
parameter in assessing the potential of materials for incorporation as absorbers in a-Si:H based solar 
cells. We show how L d  can be predicted fiom hole drift mobilities and the recombination response 
time of a-SkH materials. The results are also of interest because they confirm the Einstein relation 
between diffusion and drift of carriers for disordered materials such as a-SkH. The Einstein relation is 
assumed to be valid in device modeling, but this validity had not been established either experimentally 
or theoretically prior to our work. 

0 We have completed a survey of thin BP:H and BPCH films prepared by plasma deposition using 
phosphine, diborane, tri-methylboron, and hydrogen as precursor gases. The objective of this research 
has been to find out whether such films might offer a superior window layer film for application to 
wide bandgap a-Si solar cells. The research has shown good optical properties in a-BP:H films; our 
films do not have promising electrical properties, and we have suspended this line of research. Most of 
our research was described in our previous reports, and will not be included again here. 
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Electroabsorption measurements and built-in 
potentials 

We present a technique for using modulated electroabsorption measurements to determine the 
built-in potential in semiconductor heterojunction devices. The technique exploits a simple 
relationship between the second-harmonic electroabsorption signal and the capacitance of such 
devices. We apply this technique to hydrogenated amorphous silicon (a-Si:H) based solar cells 
incorporating microcrystalline Sip" layers. For one set of cells with a conventional plasma- 
deposited intrinsic layer we obtain a built-in potential of 0.98M.04 V, for cells with an intrinsic 
layer deposited using strong hydrogendilution we obtain 1.25M.04 V. We speculate that 
interface dipoles between the p" and intrinsic layers signiscantly influence the built-in potential. 

Introduction 
The internal electric fields of amorphous silicon (a-SkH) basedpin solar cells are crucial to their operation 
as photocarrier collectors. The built-in eZectrostaticpotentiaZ VE established by these fields is thus one of 
a cell's important device pammeters. One promising approach to illustrating and estimAngTr, exploits 
electroabsorption measurements: by measuring the transmitta~~~ or reflectance of the cell as a function of 
an external potential V ,  an inference of the built-in potential can be made (Nonomura, Okiunoto, and 
Hamakawa, 1983; Wang, S c m  and Hegedus, 1994; Campbell, Jowick, and Parker, 1995; Jiang and 
Schiff, 1996; Jiang, Wag, S c m  Guh, Yang, and Deng, 1996). 

Some corresponding measurements are presented in Fig. 1. The transmittance T of a cell is modulated by a 
sinusoidal potential of amplitude P, the transmittance modulation tTlfin phase with Gyis then plotted as 

0.8 0.9 1.0 

-10 8 -6 -4 -2 0 2 
DC Voltage 01) 

'Fig. 1. Modulated electroabsorption signal as a function of the bias potential 
across the "standard" solar cell. The voltage-axis intercept has been used to 
estimate the built-in potential of the solar cell. Measurements at three laser 
wavelengths are illustrated, and show (cf. inset) that the intercept depends 
slightly on the measuring wavelength. 
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a function ofthe external DC potential I? One sees thatthetransmi#ance modulation =If is  quite linear 
with the external potential. The linearity is a consequence of the &that electroabsorption in non- 
crystdine materials is quadratic in electric field, and hence ends up being proportional to sy(v-V&l. 
The regression lines through the measurements intersect the horizontal axis near V = 1.0 Volts, which is an 
estimate of the built-in potential of this cell. The slopes of the lines indicate the strength of the 
electroabsorption effect at each wavelength. 

1.2 

n 1.0 

0.8 
bo 

0.6 

As initially reported by Wang, S c m  and Hegedus (1994), extensive signal averaging of electroabsorption 
measurements reveals a systematic dependence ofthis intercept upon wavelength; the &@is evident in 
the inset of Fig. 1. Wang, et a1 proposed that this wavelengthdepedence is a heterostructure effect ,  since 
differing layers have mering wavelength dependences to their electroabsorption. The solar cells studied 
by Wang, et al, bad a-SiH intrinsic and n+ layers, and an a-SiCHp+ layers; in the present work the 
a-SiH cells have microcxystalline (not amorphous) p+ layers. 

- - -0- a-Si: H: P/aSi: H/pc-Si: H:B 
-0- a-SiC:H:B/a-Si:H/aSi:H: P 
--I- a-Si:H:P/a-Si:H/Pd > I -V- a-Si: H:P/a-Si: H H/pc-Si: H: B 

- - 

: / :  

We present fneasufemenfs of the wavelengthdependence of the electroabsorption intercept VO in Fig. 2 for a 
variety of a-SiH based diodes. A quantitative interpretation for these measurements will be given shortly. 
Here we note primarily that the interpretation of the wavelengthdependence as a heterostructure effect is 
reasonably consistent with the measurements on a-Si:H nim Schottky barrier diodes. Ifthe wavelength- 
dependence is to be associated with voltage drops in ap’ material which is dissimilar to the intrinsic layer, 
then one expects a much reduced effect in a Schottky barrier in which the$ layer is replaced by a metal. 
Within the metal the potential drops should be insignificant. As can be seen in the figure, the Schottky 
barrier structure shows a much redud wavelengthdqendence. 

More generally, the ‘‘s1opey’ of the wavelength dependence is determined by a cumpetithn between the 

620 640 660 680 700 
Laser Wavelength (nm) 

Fig. 2. Wavelength dependence of the electroabsorption parameter YO for four 
different types of a-Si:H based diode structure. The symbol a-Si:HH denotes 
a-Si:H plasmadeposited from silane using high hydrogen dilution. In the 
simplest model YO is wavelength-independent, and is identified as the built-in 
potential. Note that the wavelengthdependence is weakest for the Schottky 
barrier diode with no p” layer, suggesting that the wavelength dependence is 
associated with the varying$ layers. 
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electroabsorption spectm in the$ and &trinsic layers. Very roughly speaking, when thep' layer has a 
significantly larger bandgap than the i layer, there is a tendency towards larger values for Kfor longer 
wavelengths, where the contribution of thep+ layer becomes less important. As the i layer bandgap is 
widened, or thep+ layer bandgap narrowed, the reverse effect occurs, as for the strongly hydrogen diluted 
intrinsic layer in Fig. 1. We note that quite similar ideas were used recently by Campbell, et aZ(1995). to 
interpret electroabsorption measurements on electroluminescent organic heterostructure diodes. 

This heterostructure effect undermines efforts to measure Vx quantitatively using electroabsorption. Here 
we report on a procedure which we believe resolves this difsculty for a-SiH based solar cells and related 
devi&. We apply the procedure to two types of nip solar cells having similar n+ andp+ layers, but 
differing a-Si:H intrinsic layers. In the simplest possible picture the built-in potential is determined by the 
difference in the Fermi levels of the n" andp+ layers, and should be independent of the intrinsic layer, our 
estimate of V, increased from 0.98 to 1.25 V when the intrinsic layer was plasmadeposited using strong 
hydrogen dilution. 

Summary of Heterostructure Model for Electroabsorption 
We first describe the model we use for electroabsorption in apin solar cell with a-Six n" and intrinsic 
layers and a microcrystallinep+ layer. In the upper portion of Fig. 3 we show a schematic illustration of 
the amplitude of the sinusoidally modulated electric field &E. As illushted, we assumed that this 
modulation field is d o r m  across the intrinsic layer, and that it extends only across a depletion zone of the 
p" layer. We also simplified the analysis by neglecting potential drops within the n+ layer of the cell. 

The lower portion of Fig. 3 illustrates the steady-state profile of the conduction band and valence 
bandedges E= and Ev; only the solid black curves are important at present. This figure indicates the band- 
bending e& and e& in thep+ and intrinsic layers, respectively. The built-in potential is deiked as Vx = 
I$+?$. We discuss further details of this figure subsequently. 

The electric field dependent absorption in disordered materials is typically quadratic in field 
a(A,E) =ao (A) + at1(A)E2 ; all is the electroabsorption coeficienf of the material. For a sinusoidal 

P+ i n+ 
1 

I 

az I I 
I 
I 
I 

I 
I 
I 
I ! 

Fig. 3. is the amplitude of the modulated electric field across a pin solar 
cell with a micmaystalline p+ layer. The lower portion indicates the 
conduction and valence bandedges EE and EV across the cell, including band 
bending in thep+ and intrinsic layers, band offsets, and an ink- dipole A 
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modulation of amplitude SY, there will be corresponding transmittance modulations n~fand &‘“at the 
fundamental and the second harmonic of the modulation frequency, respectively. We measure these signals 
as a function of a reverse bias potential Vacross the cell. Reverse-biasing the cell also increases the width 
of the depletion zone within thep+ layer, leading to a decrease in the capacitance C(F3 of the cell. 

The electroabsorption signals m;Zand B’’ can be obtained from analysis of this model; the derivations 
are given elsewhere. The second-harmonic signal is particularly important in the present, 2-layer system: 

(1) 
qf IT (ap)/&,)  (a:l(n>/q -a;(a)/sp) + 

(Cmm2 - ~ O C O  bo(&i&o /di ) 
dj is the thickness of the cell’s intrinsic layer; ci and sP are the dielectric constants of the intrinsic andp+ 
layers, respectively. C(v) refers to the area-normalized capacitance measured at the fundamental 
modulation frequency. Note that a hear regression of the noRnalized second harmonic signal against the 
reciprocal capacitance of the cell yields electroabsorption properties of both thep+ layer (as / cP) and of 
the intrinsic layer (a;/ .si ). 

Once these coefficients are known, the built-in potential in the cell can be obtained using the following 
expression for nonnalized fundamental signal: 

We note that these expressions neglect thin-film interference effects in the films as well as ‘ h e ”  
electroreflectance effects (due to the electric-field dependent refiactive index of the films); we do not 
believe that incorporation of these corrections would significantly alter our conclusions. 

Experimental Results on Cells with Microcrystalline p Layers 
In the present work we present measurements on two cells deposited in the sequence nip. One cell (denoted 
%andard”) has a conventional plasmadeposited a-Si:H intrinsic layer; the other (denoted “strong H 
dilution”) has an intrinsic layer deposited  us^ substantial hydrogen dilution of the silane feedstock gas. 
Both cells have a-Si33 n+ layers and “microcrystalline” (p-SiH)p+ layers. The open-circuit voltages 
under AM1.5 illumination were 0.93 V (standard cell) and 1.02 V (strong Hdilution) for the asdeposited 
state. 

In Fig. 4 we have shown the measurements of the second harmonic electroabsorption modulation as a 
function of capacitance. The data are generated using the same 50 kHz fundamental modulation frequency 
and reverse bias range as for Fig. 1. The parameter ratios a;: Isp and a:/ ci are obtained as linear 
regression parameters from eq. (1). We present the fitting results for both types of cell in Fig. 5. 

The standard and strongly hydrogendiluted cells yield quite different spectra a//  si for the intrinsic layers. 
The results on the standard intrinsic layer agree reasonably well with prior work on a-SkH. The results for 
the hydrogendiluted intrinsic layer presumably reflect the increased bandgap for this layer. The 
electroabsorption spectra of the microcrystallimp’ layers in the two cells are similar, as would be expected 
given that these layers are n o d y  identical. It is nonetheless remarkable that this result emerged - 
considering the substantial differences in the magnitudes and wavelength dependence of the raw 
electroabsorption signals. The results suggest that the approximations in our heterostructure model are 
acceptable. 
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Fig. 4. Plot of the normalized, second hannonic electroabsorption signal Sr, 
for three different wavelengths as a function of reciprocal capacitance in the 
standard cell; the data are generated by Varying the reverse bias across the cell. 

We estimated the built-in potentials in these two cells using the following procedure. We f h t  plotted 
(&f/T)/(C(V)6y) as a hc t ion  of bias voltage in order to obtain the voltage-axis intercept VO. 
Representative measurements were presented in Fig. 1. Vo depends slightly upon laser intensity, most likely 
due to photocharge stored in the samples. In Fig. 5, we have plotted Vo for low intensities parametrically 
against the wavelengthdependent ratio (a;/sp)/(ar/si) (as obtained &om Fig. 5). When this ratio is unity, 
the electroabsorption properties of the$ and intrinsic layers are the same. As a consequence, the value of 
the intercept interpolated for this value can be associated with the built-in potential (by the straightforward 
single-layer analysis). This qualitative argument is conjirmed by equation (2). 

As indicated in Fig. 5, we find VH = 0.98 V for the cell with the standard intrinsic layer, and VH = 1.25 V 
for the cell with the strong hydrogen dilution intrinsic. The result for the cell with a standard htrinsic layer 
and a microcry&ep is similar to electroabsorption estimates of VH for cells with an a-SiCHp layer. 
A review of estimates for VM using other techniques is beyond the scope of this paper. 

Interface Dipole Hypothesis 
The increase in V M  for the strong-hydrogen dilution cell was surprising to us, since it is often assumed that 
the built-in potential inpin diodes should be determined by the Fermi levels of the n+ andp+ layers, and 
should be d& by the intrinsic layer interposed between them. This argument of course neglects the 
possible role of interf8ces. We therefore speculate that our measurements are evidence for a signiscant 
interjiace dipole between the$ and intrinsic layers of a-Si:H based solar cells. By definitioq such a dipole 
consists of cornpemathg positive and negative electric charges separated by a distance comparable to the 
carriers' tunneling radii. We illustrated the effect of an i n t e b  dipole A in Fig. 3. The solid curves 
represent the band-bending without the dipole, and shows the effects of the conduction and valence band 
offsets E, and /1E, between thep+ and intrinsic layer materials. The dashed curves include an interfke 
dipole which reduces the band-bending and hence VH., increasing the apparent size of both band o€Eets. 



The microscopic nature of such interfsce dipoles is mysterious, although they have been invoked for nearly 
50 years in the context of the built-in potentials in Schottky barrier diodes on crystalline semiconductors 
and are included in textbook treatments of solar cell device physics. Sizable interface dipole effects (up to 
0.7 ev) have been inferred in photoemission studies of the band ofk ts  at the a-Si:Wa-Sil,G:H interfiw 
(Fang and Ley, 1989) 

1 " " I " " l " " ~  

1 Strong H-dil. +U: 
- Standard 
r n  

For the cells we have studied, it may be that a decrease in interface dipoles for the strongly H-diluted cell is 
the primary cause for the increase of about 0.1 V in its open-circuit voltage V, vis a vis the standard cell; 
the possibility is an alternative to attributing the increase in Vm to an increase in the energy gap of the 
intrinsic layer. The interface dipole hypothesis also leads to some interesting suggestions beyondthe 
eleclroabsorption measurements. For example, varying interface dipoles offers a rational explanation for 
the apparently contradictory estimates of band offsets from two independent internal photoemission 
experiments on c-Si/a-Si:H interfhces; one reported that the offset at the valence band was neglibible, and 
the other reported the conduction band offset as negligible (Mimura and Hatanaka, 1987; Cuniot and 
Mkfhing, 1988). Finally, we speculate that part of the success of '%buffer layers" at thep+li interhce in 
increasing the open-circuit voltage V, in some a - S S  based solar cells is due to modihtion of interfke 
dipo1M. 

- 

: 

- 

L 

1.5 

1.2 

E 0.9 
'0 
.C 0.6 
4, > e 

s 
N 
Y 

0.3 

0.0 

n : z  
bo 

640 660 680 700 
Wavelength (nm) 

1.3 

1.2 

1 .l 

1 .o 

0.9 

0.8 
0 1 2 3 4 5 6  

qa"&.iPa': 

Fig. 5. (Zefl) Electroabsorption coeflicients a; and a;: as a function of 
wavelength obtained for a-Si:H and for pc-Si:RB respectively obtained in two 
types of cell (with standard and strongly Hdilut~xl intrinsic layers). (right) Plot 
of the voltage-axis intercepts Yo of first-hannonic electroabsorption 
'measurements (obtained at three wavelengths) vs. the corresponding ratios of 
electroabsorption parameters (a;/cp)/(.i./.i). The same two types of cells 
were used; the error bars indicate the standard deviation in Yo for Wering 
cells on the same substrate. The built-in potential is YO for 
(a;/cp)/(a;/cj) = 1 (CX vertical line). 
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Heterostructute Model for Electroabsorption: Details 
In this section we present a brief derivation of equations (1) and (2) given earlier. We only consider 
transmiwce mode EA measurements; the extension to reflection mode (in which the illumination is 
reflected from a back-reflector and passes out through the top of the device) is straighgonvard but tedious. 

As is well-known, the absorption coefficient in semiconductors is af€& by the electrical field (E) inside 
the material and the wavelength (A) of the incident light. Considexing the symmetry of electroabsorption, 
only even order terms survive, so the lowest order expansion is: 

a(A, E) = ao(a) + aii(a)E2. (3) 

We term a"(A) the electroabsorption coeflticient. In modulated electroabsorption measurements, a DC 
voltage V& is modulated by a high frequency AC voltage V,. For suf€iciently high frequencies the electric 
field can be written: 

w is the angular frequency of the modulation, and X, f for position and time respectively. Although the DC 
and built-in fields are position dependent, we have assumed that the modulated field is uniform 
(corresponding to the use of a large modulation frequency). The electric-field dependent transmittance 

through a homogeneous layer of thickness dmay be writknT(E) = exp(-~a"(A)E'&) ; where 

T, = Ioe-ao(R)d . Assuming that the electroabsorption is weak, we expand the exponential e-y k: 1 - y , 
obtaining: 

So the noRnalized first harmonic signal is 

d qf - = -I a" (a)2(Edc + Ebi)Eacdr , 
T o  

and the second harmonic signal is: 

If only a single intrinsic layer is involved in electroabsorption, we can reexpress eq. (6) in terms of the 
capacitance C at the modulation frequency and the modulation voltage V,. We obtain: 

where q indicates the dielectric constant of the layer. As expected, the voltage intercept of the signal is the 
built-in potential; the second harmonic signal is independent of the DC potential: 
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To extend this approach to include electroabsorption both &om thep+ and intrinsic layer, we use the 
approximalion of a depletion zone in thep+ layer of width dn as i n d i d  in Fig. 3. As the reverse bias on 
the structure increases, the space charge and potential drop Vg in thep+ layer increases as illustrated (for 
Vk). Increasing reverse bias also increases the ''depletion zone" width dp which is probed by high- 
frequency measurements. In this model the capacitance is dependent (slightly) upon reverse bias; 
considering the differences of dielectric constant of two layers and the Continuity of electrical displacement 
vector at thepli interfkce, dn can be expressed in terms of the capacitance C per unit area as: 

The Ifsignal now becomes: 

where we have separated the built-in potential Vi, into its components V,  and V;: across thep' and 
intrinsic layers, respectively. We have also redefined V, as Syto reestablish consistency with our earlier 
eqwitiOnsland2. 

Note that when the "electroabsorption ratio" .ziap"(A)/.zpai"(;l) is unity, the standard analysis of EA 
measurements yields the correct Vi, = yd;: + Vbip ; this was previously suggested by Wang, et aZ(l994) on 
purely physical grounds, since the 2 distinct layers then have identical electroabsorption properties. 

The difEdty has been to find a procedure for ascertaining this electroabsorption ratio. We have found 
that the second harmonic ( 2 j  measurements can be used to do this. From eq(9) and eq.(lO), the 2f signal 
can be expressed as: 

On the right side of Eq. (lo), only the capacitance C changes with V&. 

The importance of this expression is that, unlike eq. (9), we do not need to know the division of the electric 
potential between thep+ and intrinsic layers in order to use it. A fitting of the measurements to the voltage- 
dependent capacitance yields both a; and a: as fitting parameters. 
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Hole Drift Mobility in Hydrogenated Amorphous 
Silicon Deposited Using the Hot-wire Method 

We have measured hole photocarrier driftmobilities on hydrogenated amorphous silicon (a-SiS) deposited 
using the hot-wire method. The material contaius about 2 atomic percent hydrogen, which is much lower 
than for "standard" plasmadeposited a-SkH. Under comparable conditions we h d  hole mobilities as 
large as cm2/Vs at room temperaturey about five times larger than for standard a-SiH Temperature- 
dependence measurements were consistent with the valence bandtail trapping model for these mobilities. In 
conjunction with recent work of Ganguly and Matsuda on triode-deposited a-SiB, these results on hot-wire 
a-SkH indicate that significant improvements in hole mobilities are achievable in a-SiH 

Introduction 
The low drift mobility of holes is an important limitaton to amorphous silicon based materials, and there 
have been many efforts to find deposition processes which would improve it. The hole mobilities are 
limited by trapping processes involving the valence bandtail. Remarkably, for the entire class of plasma- 
deposited amorphous silicon-gemanium and amorphous silicon-carbon alloys deposited in "diode" 
reactors, representhg many years of materials research, it has been found that the hole drift mobility 
remains nearly constant, with a best value of 2 x 
S c m  Li, and Malone, 1994, and references therein). 

cm2/Vs under standard conditio? ((31, Wang, 

There have been several indications recently that this apparent limit to the hole drift mobility of a-SN 
based materials may be surmounted. In particular Ganguly and Matsuda (1995) have reported much larger 
values for the hole mobility in a-SkH deposited under carefllily chosen conditions in a "tIi0de" reactor. 
This work has not yet been c o b e d  by other laboratories. In the present Letter we present hole drift 
mobility measurements in a-Si:H deposited using the %ot-wire" technique. Although there is a significant 
range of hole mobilities in these specimens, we have measured values as large as 
the value for conventional a-SiX alloys. 

cm2/Vs, five times 

Time-of-Flight Measurements 

Specimens and Instruments 
The measurements reported in this Letter were obtained on a 2.3 pm hot-wire layer deposited onto stainless 
steel, forming a Schttky barrier structure. A 40 nm n" a-SkH top layer was plasmadeposited onto the 
hot-wire layer, and a thin Pd & evaporated onto the n" layer. The structure was prepared at the National 
Renewable Energy Laboratory (NREL). Descriptions of the hot-wire deposition procedures and of 
additional structural and transport characterizations have been given elsewhere (Mahan and Vanecek, 
1991; Crandall, 1992). Here we restrict ourselves to noting that the hot-wire material used in the present 
study is amorphous (based on Raman measurements), has about 2 atomic % of hydrogen and a '''I'a~c~~ 
bandgap of 1.60 eV. The thickness was measured on a codeposited substrate using a mechanical 
profilometer. Specimens were studied in their asdeposited state without extensive light exposure. 

Time-of-flight measurements were done using a transient photocurrent apparatus; the procedures have 
been described in detail elsewhere (Wang, Antoniadis, Schiff, and Guha, 1993). We used a pulsed laser 
tuned to a wavelength of 590 nm, for which we estimate that carrier generation occurred within about 1000 
A ofthe (top) iuuminated Pan+ interfiice. 
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Time-of-flight meawremenfs 
In this section we present measurements on the diode which gave the largest hole drift mobility. In Fig. 6 
we present normalized photocurrent transients i(g&/QJ for several temperatures and a uniform field of 
Vd = 69.5 kV/cm. d is the i -layer thickness, V is the applied voltage, and QO is the photocharge 
generated in the structure. The IEormalization eliminates any hear dependence of the photocurrent upon 
applied bias voltage or laser intensity. 

The voltage polarity corresponds to hole transit across @e structure. The photocharge QO was estimated 
by inkgating the transient photocurrent i(0 . Qo varied about 30% with temperatwe, which we attribute 
to the temperature-dependent absorption of the n+ layer. 

The transients have the qualitalive form expected for holes in a-SiH Consider the lowest m e ,  
corresponding to 200 K. Mer an initial “peak,‘‘ one sees a shallow decay &mmencing around 2x lo’ s. 
We idenw this as the classical, dispersive behavior of the drifting holes prior to the onset of effects due to 
their sweepout at the opposing electrode. Commencing around 3x10‘’ s, this transient steepens, which 
corresponds to the ccpost-transit’y regime of dispersive transport. Similar effects can be discerned for all 
temperatures, although the present figure makes detailed separation of the current transients for mering 
temperatures somewhat diffcult. 

In addition to this well-known dispersive form for the transient photocurrent at longer times, Fig. 6 reveals 
a relatively temperature-independent peak at the earliest times ( t < 100 ns). We attribute this to electron 
transit across the.photogeneration region (first 1000 A in the n -layer side). The time-scale of this signal is 
determined by the capacitance of the diode in conjunction with the 50 Ohm impedance of the electronics 
and cables. 

Time-of-flight estimates of a drift mobility p D  are based on the expression: 
P D = ~ ~ T  

where L is the average dispacement of the photocarriers at the transit time tz and E is the (uniform) 
applied electric field. Dispersive photocarrier transport implies that this drift mobility depends strongly 
upon the ratio LA?. 

In order to compare the mobilities from different materials it is essential to specify a particular value for 
UE which must be used for all specimens (Wag, et ul, 1993). To obtain the transit times corresponding 
to a standard value of UE, we integrate the normalized photocurrents in Fig. 6; this yields a plot o f m  vs. 
t, as shown in the lower portion of Fig. 6. The tendency of the charge plots to saturate around 3x lo-’ 
an2/% mrresponds to sweepout: the maximum displacement of a hole is the sample thichess of 2.3 cun, 
so for the present plot the maximum value of UE = 3 . 4 ~  lO’’m2Ns. 
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Fig. 6. (upper) Normalized transient photocurrents i#&/Q0Y for holes measured at 
h. = 590 m at w e d  temperatures and constant electric field of 69.5 kV/cm. (lower) 
Logarithmic plot of Q#dz/eoVfor the same conditions as the transients; for times 
sufficiently early that carriers have not yet been swept completely across the structure, 
the charge transient measures the time dependence of L # R  of the hole displacement 
L# to the electric field E. The intersection of each curve with the line at 2 ~ l O - ~  cm2N 
determines the transit times used to calculate a standard drift mobility. 
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w e  chose a “standard” d u e  of W E  = 2 x lo-’ cm2N for reporting p d ,  which corresponds to transit across 
a structure of thichess 0.6 pn at 0.9 V applied bias. L/E = 2 x lo-’ cm2N was also used in previous 
work on electron transport in a-SiCH and a-Si&H by Wang, et aZ(1993a, 1993b) and for hole transport 
by Gu, et aZ(l994). The horizontal line in the lower portion of Fig. 6 indicates this value for U !  the 
transit times used for computing pD are obtained from the intersection of this line with the measured Q(0 
curves at various temperatures. 

Results 
As a summary of our experiment, in Fig. 7 we have plotted the measured hole drift mobilities p 
semilogadhmically against reciprocal temperature 1/T. We show results at two values of WE for the 
‘best” hot-wire specimen. We also show previously published hole drift mobility measurements from our 
laboratory (Gu, et aZ, 1994) on a “standard” a-SkH sample prepared at Energy Conversion Devices, Jnc. 
using a diode-type plasma deposition reactor. These measurements on ‘cstandard” a-SkH are consistent 
with completely independent work from at least two other laboratories. The hole mobilities measured for 
the HW a-Si:H specimen are signi6cantly higher than the measurements on conventional a-SkH. 

The solid lines in Fig. 7 are our fits to the measurements using the exponential bandtail multiple-trapping 
model for the hole drift mobility: 
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Fig. 7. Semilogarithmic plot of average hole drift mobility p as a function of 
reciprocal temperature lfl. for a displacementhield ratio of 
W E  = 2x10” m*N. Two solid lines are a multiple-trapphg fit. Open symbols 
represent the result from an optimized a-Si:H sample. 
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where & is the characteristic energy of the exponential valence badtail, is the “microscopicyy mobility 
of holes, and v is an cca#empt-toescape’y frequency for holes trapped in the valence badtail. The multiple- 
trapping model gives an acceptable &. Udortunately, no single parameter acc~unts for the increase in the 
hole mobility in the hot-wire material. Additional measurements at higher temperatures and for a larger 
range of W E  values would probably clarify tbis issue, but we were unable to execute such measuremeflfs in 
the present specimens. 

In Fig. 8 we have plotted the correlation of hole driR mobility measurements with the optical bandgap for a 
variety of specimens at room-temperature under the standard conditionWE=2~10~~ cm2/Vs . The cluster of 
solid symbols at 1.6 eV represents numerous measurements on hot-wire a-Si:R we have found 
considerable variability in our measurements. We believe this represents an underlying variability in the 
hot-wire materials since we have generally obtained much narrower variance for standard a-SiH. On the 
figure we have also indicated using an arrow the very large hole mobilities measured by Ganguly, et al in 
triodedeposited a-Si:H; it is probably worth noting that these authors also report considerable variabii 
in their hole measurements. 

We comment briefly on whether the relatively large hole mob* we have measured could have been 
inferred from earlier measurements of large hole diffusion lengths in similar materials. We note that neither 
parameter can be predicted fiom the other. In recent work Schwan, et al have shown that diffusion length 
measurements in “standard” a-Si:H can be predicted fiom howledge of both the hole drift mobility (as a 
function of LIIE) and the recombination response time. It is likely that improved hole drift mobilities may 
play a role in the improved diffusion Ien& but a complete understanding of the latter requires an 
understanding of electron-hole recombination as well as of hole transport. 

0 
0 

Fig. 8. Summary of hole drift mdbility at 298 K evaluated at U?? = 2 x lo4 
cm*N as a function of bandgap. The highest points are reported recently by 
Gangdy et al. 
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Relationship of Ambipolar Diffusion Length 
Measurements and Hole Drift Mobilities in a-Si:H 

The ambipolar diffusion-length L d  is one of the measured properties of an a-Si based material used to 
infer photovoltaic quality. The interpretation of this parameter is well-known to semiconductor device 
scientists; roughly, the parameter i n d i m  how far the less mobile d e r  'in a semiconductor diffuses 
Wore it recombines with the more mobile carrier. 

The strong interest i n L A  recent years has ctccurred because of the development of a simple experimental 
technique for measuring it. This is the steady state photocam.er grating meamrement developed by Ritkr, 
Zeldov, and Weiser (1986). It has been used for this purpose in the development of hot-wire a-Si:H at 
NREL, of a-SiCH at Solar- and elsewhere. Despite this popularity, there is little understanding of the 
meaning of L d  so its success as a photovoltaic materials quality f&or is based on phenomenological 
COrrelations. 

The importance of OUT work for photovoltaic properties is the following. There are several plausible 
recombination channels for holes in a-SkH which are, for example, all incorporated into standard device 
models such as AMPS. The advance we have made is that we can subject each channel to a very severe, 
quantitative constraint: the ambipolar diffusion length must agree numerically with estimates of the hole 
drift mobility and the Einstein relation D = fiT/d,u of diffusion constant and mobility. 

The particular model for which we obtain agreement is illustrated in Fig. 9. The curve labeled "drift" is 
compatible with hole timmf-flight measuremeqts in a-Si:H (Tiedje, 1984; Gu, et al, 1994b). It shows the 
function x(f) indicating how far a hole drifts under the influence of an electric field as a function of time; 
the particular form for x(0 is apparently dictated by multiple-trapping in the valence bandtail (Tiedje, 
1984). 

N- 
E 
0 
W 

1 0-7 10-6 % 10-5 10'4 
Time (s) 

Fig. 9: Proposed model for the relationship of hole drift and diffusion measurements. Drift 
measurements are made under recombination h conditions; diffusion measurements usually 
yield only the diffusion length LD, which is determined by the hole diffusion truncated at the 
recombination time zR. 
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The m e  labeled "diffusion and recombinatony~ is a reasonable model for the mean-square diffusion ( 8 ~ ) ~  
of a hole as a function of time: Given the Einstein relation, the nonnalized hole diffusion should agree with 
the time+f-flight measurement at short times (the bandtail multiple-trapping regime). At longer times, 
a&er an electron amhhtes the hole near a recombination response time 7% the diffusion approaches the 
diffusion length LD. Note that this view neglects the "deep-trapping" by a 
recombination. 

. .  
bond prior to 

In Fig. 10 we show the correlation of the measured average diffusion constant D with the average mobility 
p. These results were obtained on several intrinsic a-Si:H materials prepared by plasmadeqosition at the 
Technical University of Munich and at Syracuse University. 

The average diffusion constant is obtained fiom SSPG and photoconductivity response time fneasu~ements 
on thin films deposited onto glass with coplanar metal contacts (see Wang and Schwarq 1994 for details; 
the actual measurements are presented in Gu, S c m  Grebner, Wang, and Schwarz, 1996). In particular we 
evaluate as Oh = L2& / Zr,, where L d  is the ambipolar diffusion length actually meamred by SSPG 
and 7R is the recombination response t h e  measured fiom the photoconauctivity decay time. Note that Dh 
depends upon the illumination intensity used for the measurements. 

The average mobility is based on the function x(f)/E measured in time+f-flight for holes; these 
measurements are conducted under neardark conditions, and are reported in Gu, et al, 1996. The mobility 
is then calculated using x(QB as evaluated at the same response times used to calculate Dh: = x(r-&!?z--.. 
The TOF measuTements were done on Schottly barrier structures; the a-SiH films were codeposited with 
the coplanar electrode samples used for SSPG. Remarkably, the completely Werent experiments yield 
results which are consistent with the Einstein relation over some three orders of magnitude. We believe that 
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Fig. 10. Correlation of the hole diffusion coefficient Q, with the "Einstein normalized" hole drift 
mobility (kT/q)w, both are averaged fiom their photogeneration up to recombination at time ZR. 
Measurements for four specimens over a range of temprahues and illumination intensities are 
indicated. The Einstein relation 4, = f i T / q ) ~  is indicated by the solid line. 
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the remaining discrepancy is due to some approximations in the standard d y s i s  of the ambipolar 
diffusion length measurement (Ri#er, Zeldov and Weiser, 1988; Wang and Schwarz, 1994). A discussion 
of the more general theoretical situation is given in the published article presenting this work (Gu, S c w  
Grebner, Wan& and Schwan, 1996). 

One other interesting fact - other than the probable validiiy of the Einstein relation - can be deduced fiom 
these results. Hole deep-trapping has been measufed using time+f-flight techniques (see Liu, Maruyama, 
Wagner, and Delahoy, 1989, for some measurements); this process most Iikely corresponds to the capture 
of a hole by a daugling bond at sufficiently long times. Since time-of-flight is done under near dark 
conditions, it is unclear whether a hole is also "deep-trapped" prior to its recombination under n o d  solar 
illumination conditions. The results we have just presented show that ambipolar diffusion under solar 
illumination conditions is complete at times prior to hole deep trapping; in other words, anddation of 
holes by electrons occurs before the holes are deep-trapped in a-SkH under reasonable illumination 
intensities. 
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