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EXECUTIVE SUMMARY 

Our research during Phase II of NREL Subcontract XG-1-10063-1 concentrated 

upon the evaluation of low mobility gap a-Si,Ge:H alloy films. A series of 8 a-Si,Ge:H 

alloy samples were grown by the photo-CVD method at the Institute for Energy 

Conversion, University of Delaware. The samples studied encompassed the range of 

optical gaps: 1.3 to 1.6 eV, and corresponding Ge fractions: about 20at. % to 60at %. We 

employed a variety junction capacitance techniques to determine deep defect energies 

and densities, Urbach bandtail energies, and µ't products for holes. Electron 

microprobe analysis (performed at NREL) provided fairly accurate Ge fractions for our 

samples. Thus we have been able to establish clear trends in the measured electronic 

properties as a function of the Ge fraction. For a few samples we also have preliminary 

results on the changes in electronic properties caused by light induced degradation. 

We conclude that these photo-CVD samples exhibit equal or superior properties 

in terms of bandtail widths and stable defect densities compared to any reported results 

on a-Si,Ge:H samples grown by glow discharge. Second, by assigning defect energy 

levels from a detailed analysis of our transient sub-band-gap photocapacitance and 

photocurrent spectra, we find clear evidence for two distinct defect sub-bands, one at 

roughly midgap and the other in the upper half of the gap. The midgap defect band is 
l 

found to be cqrrelated in its magnitude with companidn ESR measurements of the 

densities of Ge dangling bonds in a couple samples. The shallow level, still of unknown 

origin, appears to exhibit a suppression of its thermal release of trapped electrons, 

suggesting significant lattice relaxation. Finally, we have found that the trapping 

lifetime related µ't products for holes decrease in direct proportion to the density of 

midgap defects in these samples. This appears to be the case regardless of whether we 

are dealing with stable defects or defects created by light soaking. 
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1.0 INTRODUCTION 

The work carried out in Phase II under NREL Subcontract XG-1-10063-1 has 

again concentrated upon the evaluation of low mobility gap a-Si,Ge:H alloy films. 

Some additional work has been carried out to assess the effects of carbon impurities on 

the stability of a-Si:H film; however, these studies are still incomplete and thus will be 

presented in a later report. Also we have just begun a series of evaluations of the 

a-Si,Ge:H using modulated photocurrent techniques. These will also be reported later. 

The experimental results described in this report are based primarily on a variety 

of junction capacitance techniques: admittance spectroscopy, transient photo-

capacitance (and photocurrent), and drive-level capacitance profiling. We were abl~~ to 

obtain a fairly extensive series of a-Si,Ge:H alloy samples grown by the photo-CVD 

method through a collaboration with researchers at the Institute for Energy Conversion, 

University of Delaware. This series of samples covers a range of optical gaps (1.3 to 

1.6 eV) and corresponding Ge fractions (from about 20at. % to 60at. %). 

We have continued the kinds of characterization reported last year for the first 

couple of these alloy samples. We have thus now determined deep defect energies and 

densities, Urbach bandtail energies, and µt products for holes for the entire series. 

Using an updated analysis of the actual atomic compositions of our samples, the trends 

in the measured electronic properties with Ge fraction have become quite clear. In a 

few samples we also investigated the changes in electronic properties caused by light 

induced degradation, but results for this part of the study must still be considered 

preliminary. Nonetheless, we believe that our results clearly establish the fact that these 

photo-CVD a-Si,Ge:H alloy samples are among the best low gap material currently 

available. Thus the results reported here should provide a very useful baseline of film 

properties against which to compare samples produced by other methods. 

In the Sections that follow, we first describe the samples studied and then briefly 

review the experimental techniques employed. In Section 4 we discuss our results 

concerning the basic electronic properties: optical gaps, Urbach energies, and overall 

defect densities. In Section 5 we present a more detailed analysis of the defect structure 

and also what we have learned of the transport properties from our measurements. In 

Section 6 we present our preliminary results on light induced effects in these samples. 

Finally, in Section 7 we summarize our findings and draw some general detailed 

conclusions. 
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2.0 SAMPLES 

2.1 SAMPLE GROWTH 

All of the samples utilized in this study were produced by the photo-CVD 

method by our collaborators at the Institute for Energy Conversion (C. Fortmann and 

Wayne Buchanen) at Delaware. In this method SiH4/GeH4 gas mixtures are subjected 

to UV radiation which excites a small added component of Hg in the gas mixture. 

These Hg atoms collide with the reactants to produce SiHn and GeHn radicals which 

then adhere to the substrate to produce the a-Si1_xGex:H film. Our series of 8 alloy 

samples were grown on p+ crystalline Si substrates using SiH4/GeH4 gas ratios which 

varied between 3% to 15%. In addition, 2 photo-CVD samples at the endpoints (a-Si:H 

and a-Ge:H) were also examined. 

The substrate temperature for all samples was 230oC and the reactor pressure 

was 5 torr. Total gas flows were typically 70scan. Growth times of up to 7 hours were 

required to obtain films of the desired thickness (of at least 0.8µm). Further details of 

this growth method have been given elsewhere. (1] 
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FIG.1. Germanium fraction in our alloy films as a function of the 
GeH4/(S~+GeH.J source gas ratios employed for photo-CVD film 
growth. The Ge fractions were determined by electron microprobe 
measurements carried out at NREL. The SiH4+GeH4 source gases were 
fw'ther diluted with H2. 



3 

The germanium fraction, x, for each of the alloy samples was determined using 

electron microprobe measurements with a 5 keV beam energy. These.measurements 

were carried out courtesy of Harv Mahan and Alice Mason at NREL. · In Fig. 1 we plot 

the actual Ge fraction in each film vs. the source gas SiH4/GeH4 ratios. This graph 

indicates a roughly logarithmic dependence of Ge content on the gas ratio. Thus we 

have determined that our series of 8 alloy films encompasses a composition range 

between 20at. % to 62at. %. 

2.2 SAMPLE PREPARATION 

We deposited a 0.5mm diameter (area= 2 x 10-3 cm2) semitransparent Pd contact 

on the top surface of each sample. After annealing the sample with the contact for 

about 30min at 200°C, a PdSi2 Schottky barrier is formed. Our test devices thus consist 

of a p+ buried junction at the c-Si substrate in series with the Pd Schottky at the film 

surface. Each sample was mounted on a transistor header using In-Ga eutectic on 1the 

back of the substrate to make an ohmic contact to the c-Si. 

3.0 EXPERIMENTAL METHODS 

The measurements employed in our studies rely on a small set of experimental 

techniques which have all been described previously in some detail. They consist of (1) 

admittance spectroscopy as a function of temperature and frequency, (2) drive-level 

capacitance profiling, (3) transient photocapacitance taken together with transient 

junction photocurrent spectroscopy, and (4) electron spin resonance (ESR) spectroscopy. 

For the purpose of this report we will describe each method only very briefly and 

review what kind of information is obtained from each type of measurement. 

3.1 ADMITTANCE SPECTROSCOPY 

Our Schottky diode samples contain a depletion region which is characterized as 

a function of temperature and frequency before we undertake the more sophisticated 

capacitance based measurements described in Sections 3.2 and 3.3 below. Such 

measurements provide us with an estimate of our film thickness (the temperature 

independent region at low T is simply related to the geometric thickness, d, by the 

formula C = EA/ d), and an Arrhenius plot of the frequency of the lowest temperature 

capacitance step (or conductance peak) vs. 1/T provides us with the activation energy 
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of the ac conductivity, E(j, which we identify with the Fermi energy position: 

E(j = Ee - Ep. These admittance measurements also give us an indication of the quality 

of our Schottky barriers which allow us to pre-screen our samples for further study. 

3.2 DRIVE-LEVEL CAPACITANCE PROFILING 

The drive-level capacitance profiling method has been described in detail in 

many publications [2,3]. It is similar to other kinds of capacitance profiling in that it 

provides us with a density vs. distance profile; however., this particular method was 

developed specifically to address the difficulties encountered in interpreting 

capacitance measurements in amorphous semiconductors. In this method we monitor 

the junction capacitance both as a function of DC bias, V Iv and as a function of the 

amplitude of the alternating exciting voltage, 'fJV. One finds that to lowest order this 

dependence obeys an equation of the form: 

and that the ratio 
C3 

0 

is directly related to an integral over the density of mobility gap defect states: 

c- F g(E) dE f E E 0 

Ee-Ee 

Here Ep0 is the bulk Fermi level position in the sample and Ee depends on the 

frequency and temperature of measurement: 

Thus., by altering the measurment temperature (or frequency) we obtain information 

about the energy distribution of the defects and, by altering the applied DC bias., we can 

vary the spatial region at which we detect the defects in the sample. That is, we can 

spatially profile the defects as a function of the position from the barrier interface. 

In our current studies we measured lOOHz profiles for a series of temperatures 

between 320K to 360K. These data usually indicated a clear upper limit for NoL which, 

we have shown, is equal to roughly one half the total defect density in these samples 



(see Section 3.4 below). This thus provides us with a quantitative measurment of the 

deep defect levels in these samples. In addition, because of the profiling information 
also obtained, we are able to assess the spatial uniformity of the electronic properties in 

these samples. 

3.3 TRANSIENT PHOTOCAP ACITANCE AND PHOTOCURRENT 

The methods of junction transient photocapacitance and photocurrent have been 

discussed by us in great detail recently in the literature [ 4,5,6) and also in last year's 

NREL Annual Report. They represent types of sub-band-gap optical spectroscopy and 

provide spectra quite similar in appearance to PDS derived sub-band-gap optical 

absorption spectra or to CPM spectra. Instead of detecting absorbed energy, however, 

our photocapacitance and photocurrent transient methods detect the optically induced 

change in defect charge within the depletion region. However, unlike the CPM 

method, both of our junction based techniqes are not greatly influence by the free 

carrier mobilities since, once an electron (or hole) is optically excited into the 

conduction (valence) band it will either totally escape the depletion region on the slow 

timescale of our measurement (0.1 to ls) or be retrapped into a deep state and not 

escape. In most cases we assume that almost all of the optically excited majority 

carriers (electrons) do escape but, in general, only a fraction of the minority carriers 
(holes). 

Because the photocapacitance and photocurrent measurements have different 

sensitivities to the loss of electrons vs. holes from the depletion region, a detailed 

comparison of the two kinds of spectra can be used to disclose the escape length of the 

holes. This allows us to estimate the hole µt products for these samples. In these 

experiments the parameter tis identified as a deep trapping time, not a recombination 

time. We are also able to distinguish whether optical excitation of defect states co~es 

about because of the excitation of trapped electrons to the. conduction band or because 

of the excitation of valence band electrons into an empty mobility gap state. This ability 

to distinguish electron from hole processes is unique among all the various types of 

sub-band-gap optical spectroscopies. It is used to good advantage in Section 5. 
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{4) ELECTRON SPIN RESONANCE 

Electron spin resonance {ESR) spectroscopy is generally used to -determine the 
density of singly occupied deep defects. It provides an absolute density measurement, 

although it is insensitive to any population of charged defects. In the studies reported 

here this method has been employed only in a secondary mode to corroborate the 

defect densities determined by our drive-level profiling method. In this regard we have 

been able to establish quite good agreement, to within a factor of 2, between the two 

techniques. To illustrate this, in Fig. 2 we exhibit a direct comparison of the absolute 

defect densities determined by these two kinds of measurements for an intrinsic a-Si:H 

glow discharge sample in which we vary the metastable defect density through an 

extended series of light soaking exposures and, following this, by a series of partial 

anneals back to state A. [7] The agreement between the absolute defect densities found 

by the 2 methods is extremely good. Such comparisons have allowed us to utilize with 

considerable confidence our drive-level technique as the primary tool for estimates of 

deep defect densities. 
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FIG. 2 Comparison of the density of defects as determined by 
drive-level capacitance .Profiling and ESR for an intrinsic a-Si:H sample. 
The defect density in this sample has been modified substantially throuih 
a sequence of light soaking steps and, following this, a series of partial 
anneals. The agreement between the absolute defect densities obtained by 
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4.0. BASIC ASPECTS OF MOBILITY GAP STRUCTURE 

4.1 OPTICAL GAPS AND URBACH SLOPES 

As discussed in Section 3.3, our transient photocurrent and photocapacitance 

methods provide a sensitive way to record the sub-band-gap optical transition spectra 

arising from mobility gap localized states. These methods have the advantage that they 

are much more sensitive than PDS optical absorption measurements, yet are superior to 

steady-state photoconductivity or CPM methods since the interpretation does not 

depend on the details of carrier transport. 

A series of transient photocurrent spectra for 5 of our samples is shown in Fig. 3. 

[6] In this section we utilize such spectra to determine the Urbach slopes and optical 

gaps. We will temporarily restrict ourselves to results that can be obtained from a 

single spectrum type, and we will often rely more on the photocurrent measurements 

since they exhibit superior signal to noise. However, the determination of bandtail 

energies and optical gaps is quite consistent from either the photocapacitance or 

photocurrent spectra. A more detailed analysis based on both types of spectra together 

is discussed in Section 5. 

In Fig. 3 we observe that the photocurrent spectra begin to flatten for the highest 

optical energies. This occurs for two reasons: first, that we begin to see the rollover 

from the exponential tail regime into the quadratic density of states of the valence band; 

and, second, because the exciting light becomes more strongly absorbed at higher 

optical energies and thus cannot excite carriers equally over the entire depletion region. 

Because these two competing effects occur within a similar energy regime, it is difficult 

to assign optical gaps to these samples from our spectra. Fortunately, for a few alloy 

compositions we also had at our disposal companion films on transparent substrates so 

that we could accurately determine the optical gaps. We then compared these 

transmission spectra with the corresponding transient photo-spectra so that we could 

establish an algorithm for finding the optical gaps directly from these latter 

measurements. The optical gaps determined in this fashion are plotted in Fig. 4 and 

correspond to E04 in each case. [8] For the samples where we also had transmission 

data, the value of the Tauc gap is also plotted and is generally found to be about 0.leV 

smaller than E04. 

In Fig. 4 we clearly observe a linear reduction of the optical gap with increasing 

Ge content, x, which can be expressed in the form [8] 



---------------------------------~~·----

FIG. 3. 
Transient 
photocurrent 
spectra for a 
series of five 
a-Si1_xGex:H 
films with 
different Ge 
fractions as 
indicated. 
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Egap = 1.7 eV - (0.625 eV) x 

This observed dependence agrees fairly closely with results obtained in studies of 

a-SiJGe:H samples grown and characterized by other techniques [9Jl0]. 

Exponential Urbach tail regions are easily identified for all the spectra of Fig. 3. 

The spectral dependence on optical energyJ hvJ in this regionJ S(hvt obeys the 

functional form 

S(hv) = S0 exp[(Egap - hv)/Eu] 

which defines the Urbach energyJ Eu. The value of Eu obtained from our 

measurements is given in Fig. S(a) as a function of Ge content andJ in Fig. S(bt as a 

function of optical gap. [8] In Fig. S(b) we also show comparison data for samples 

grown by the glow discharge method as characterized by a couple other groups. We 

observe that the Urbach energies for the photo-CVD samples are roughly independent 

of alloy compositionJ lying in the range: Eu = 52 ± 4 me V. This value of Eu IS 

comparable to the best of the glow discharge samples produced by other groups. 

4.2 MIDGAP DEFECT DENSITIES 

The photocurrent spectra in Fig. 3 all exhibit a shoulder to the left of the 
I 

exponential bandtail regime. This is due to the presende of deep defect bands. An 

analysis of the energies and location of these bands obtained by such spectra is given 

Section 5. A more direct and quantitative estimate of the total deep defect densities in 

these samples is obtained by the drive-level profiling measurementsJ as discussed in 

Section 3.2. In carrying out those measurements we determine a limiting upper value to 

NoL by repeating such profiles at increasing temperatures. ThenJ assuming that this 
defect band lies near midgapJ we infer that it is approximately 50% ionized in deep 

depletion. ThusJ we double the upper limit value of NoL to obtain our estimate of the 

total defect density. As discussed in Section 3.4 this estimate has been found to be quite 

consistent with values obtained from ESR measurements in a-Si:H samples. 

Drive-level density estimates for 7 alloy samples plus one pure a-Si:H sample are 

plotted vs. Ge content in Fig. 6. [8] For two samplesJ reasonably accurate 

determinations of the defect density was also determined by ESR. These are plotted as 

open circles [7]. We see that the agreement between the two methods are quite good for 

the 30at. % Ge sampleJ but significantly different for the 62.at% Ge sample. This 
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suggests an increasingly important role for charged defects as the Ge fraction is 

increased. We also include a defect density estimate for a pure a-Ge:H sample from a 

detailed analysis of admittance vs. T measurements. (This sample was too thin to allow 

profiling measurements.) On this semi-logarithmic plot we obtain a reasonably good 

straight line fit for the variation of defect density with alloy composition. This implies 
an exponential increase in deep defect density with Ge content, such that we get a factor 

of 10 increase as the Ge fraction is increased from 20at. % to 60at.%. This range of 

compositions corresponds to a decrease in optical gap of 0.25eV (from 1.6 to 1.35eV). A 

very similar factor increase with decreasing optical gap has been reported by the 

Princeton group [9] for both D.C. and r.f. glow discharge alloy samples. They base their 

estimates on the integration of the defect band in CPM sub-band-gap absorption 

spectra. However, since they calibrate their absolute densities to values obtained using 

ESR, we can compare our results fairly directly. Thus we conclude that the absolute 

defect densities are at least a factor of two smaller for our photo-CVD samples than for 

their glow discharge samples. 
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5.0 DETAILED PROPERTIES OF DEEP DEFECTS AND TRANSPORT 

5.1 DEFECT BAND OPTICAL TRANSIDON ENERGIES 

As discussed in detail in last year's Annual Report and in several of our 

published papers [4,5,6,11], important additional information can be obtained through 

a detailed comparison of the photocapacitance and photocurrent sub-band-gap spectra. 

In Fig. 7 we exhibit such pairs of spectra for two different measurement temperatures 

for one alloy sample. We see that the two types of spectra exhibit good qualitative 

agreement in general, and give nearly perfect quantitative agreement with respect to 

optical gap and Urbach bandtail energies. However, the details of the shape in the 

defect band regime differ significantly (optical energies below about 1.3 eV), and this is 

especially true at higher measurement temperatures. 

The differences in the two kinds of spectra are attributed to the fact that hole 

currents add to any electron currents caused by the optically induced release of trapped 

carriers, but subtract from the resultant charge changes in the depletion region, as 

monitored by the photocapacitance technique. At lower temperatures hole motion is 

minimal (effective hole mobilities are small and so they are quickly retrapped); thus the 

observed differences are also small. At higher temperatures, however, the net motion 

of the holes increases and we therefore observe at larger difference between the spectra. 

l 
As discussed in last year's report and elsewhere: [5,6,8], we can successfully 

model these differences by incorporating the set of optical transitions shown 

schematically in Fig. 8. This analysis has yielded the following general conclusions for 

all the alloy samples studied: (A) There exists a well defined set of defect transitions for 

a band located near midgap [transition (1) in Fig. 8]. It is this defect band which we 

believe to be connected with the defect densities determined by our drive-level 

profiling measurements. (B) There exists a second well defined defect band above 

midgap and also above the Fermi energy. This defect band gives rise to transitions 

from the valence band [transition (2')] with an accompanying motion of the residual 

valence band hole. However, we have determined that the subsequent thermal 

emission of the electron that was excited into the empty defect state is greatly 

suppressed, even at elevated temperatures. (C) There exist a combination of valence 

band or valence bandtail to conduction band or conduction bandtail transitions 

[transitions (2) and (3) plus others] which result in the Urbach exponential tail part of 

each spectrum. The magnitude of the photocapacitance spectrum is suppressed at 
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higher temperature, however, due to resultant hole motion. Indeed, the ratio of the 
magnitudes of the photocapacitance and photocurrent .signals in this. energy regime 
(which is roughly constant) allows us to establish the deep trapping µt products of 
these holes. The results of this part of the analysis is discussed in Section 5.2 below. 

In Fig. 9 we plot the energy positions of the two defect bands mentioned above 

as a function of the Ge content in each sample. [8] The optical gap energies are also 
plotted for comparison. We observe that the midgap defect band tracks more closely 
conduction band edge than the valence band edge so that its nearly midgap position in 

pure a-Si:H tends to become slightly deeper than midgap as we move toward pure 
a-Ge:H. The second, shallower defect band also may be exhibiting the same general 
behavior, although the limited range of data makes this conclusion less certain at 
present. 

As discussed in last year's report, the unusually large thermal release threshold 
for the shallower defect level suggests that electrons placed into this defect sub-band 
may undergo significant lattice relaxation. This conclusion is consistent with recent 
findings by the Tauc group [12] based upon photo-induced absorption studies of 

a-Si,Ge:H alloys. This unusual aspect of defect dynamics may have significant 
deleterious consequences on electron transport in the alloys, as has been discussed by 
other researchers (13,14]. We are presently unable to offer a plausible hypothesis 

concerning the. origin of this defect band. However, we believe the deeper, midgap 

band is due to the Ge dangling bond. We base this upon the very good agreement 
between the defect densities obtained from drive-level profiling measurements and our 

ESR spin density determinations. In the latter case it is definite that we are dealing with 

Ge dangling bond defects. 
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5.2 TRANSPORT 

We mentioned above that the ratio of photocapacitance and photo_current signals 

in the bandtail region is related the µ-c products of the free holes. This is because optical 

excitation near the optical gap leads to the generation of free electrons and holes in 

roughly equal numbers. If both types of carriers were to escape the depletion region 

with equal probability, the net charge change, and hence the transient photocapacitance 

signal, would be nearly zero. However, the transient photocurrent signal would be 

enhanced. In general, then, the degree of suppression of hole escape will increase the 

relative ratio, R, of the photocurrent to the photocurrent signals, and this ratio can be 

used to determine the retrapping distance of the liberated hole, (µ-c)h. 

As presented in detail elsewhere [4,6,8], we have derived an explicit expression 

for (µ-c)h in terms of Rand the charge density, N+, in deep depletion of our sample. 

This latter quantity is obtained experimentally by our drive-level profiling 

measurements in the limit of increasing temperature (as discussed in Section 4.2). We 

obtain [15] 

e 
- log [(R + 1)/2R] 
qeN+ 

We can illustrate the use of this formula for the data exhibited in Fig. 7(b). The two 

spectra have been aligned so that they overlap in the low optical energy regime. This 

alignment is based upon the assumption that only free electrons can be excited at the 

lowest optical energies so that both types of signals should give the same response 

(R = 1). The ratio for optical energies above hv = 1.3eV is then roughly constant at 

R = 3.7, and our drive level measurements give N+ = 1.5 x 1016 cm-3. Hence we obtain 

(µ-c)h = 5 x 10-10 cm2/V. Note that the value we obtain depends on the measurement 

temperature [that is, compare Figs. 7(a) and 7(b)] but reaches a limiting value as 

temperature is increased. It is this limiting value that we report. Indeed, our (µ-c)h 

evaluation is quite consistent with trapping time derived (µ-c)h products determined by 

other methods [9]. 

In a like manner we have determined (µ't)h for most of our photo-CVD a-Si,Ge:H 

samples. The dependence of this quantity on Ge content, x, is displayed in Fig. lO(a). [8] 

We clearly observe a monotonic decrease in (µ-c)h as the Ge fraction is increased. Since 

the density of defects increases in this region, the observed decrease in (µ-c)h may simply 

reflect the increased likelihood of deep trapping due to the extra defects. Thus in 
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Fig. lO(b) we plot the product (µ,;)hND vs. x. Here we observe a fairly constant 

dependence except at the very largest Ge fraction. The observed mark~d decrease in 

(µ,;)hND for x > 0.5 is perhaps due to a larger hole capture cross-section which in turn 

could be due to an increased fraction of charged defects for the higher Ge containing 

alloys. 
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6.0 LIGHT INDUCED DEGRADATION STUDIES 

6.1 OPTICAL EXPOSURE PROCEDURE 

For the preliminary results of our light soaking studies reported in this section, 

we used a variety of light sources. For studies involving pure a-Si:H samples (including 

those discussed in Section 3.4) we used a Kr ion laser in the 650nm mode at an intensity 

of 4.SW /crn2 (G = 1022 crn-3s-1). For most of our alloy samples we did not have access 

to a suitable laser source so that, instead, a ELH source was employed with suitable 

filters so we could obtain near optical gap light (this was necessary in ensure uniform 
absorption). This resulted in much lower exposure rates (G < 1021 cm-3s-1) so that was 

little chance of achieving saturation. For one alloy film, however, a Ti-sapphire laser 

tuned to 800nm was available so that a similar generation rate as for our a-Si:H sample 
(1022 crn-3s-1) could be utilized. 

6.2 EXPERIMENT AL RESULTS 

In Figure 11 we display photocapacitance and photocurrent spectra before and 

after light soaking for an alloy sample containing 29at. % Ge. [5] The light exposurE~ in 

this case consisted of a 50 hour exposure at 400mW /cm2 from a filtered ELH souirce. 

Both pairs of spectra in Fig. 11 were taken in the high temperature regime (350K) so that 

we could clearly observe the effects of any hole processes. For state A (the lower 

spectra with the square symbols) we observe a fair amount of splitting in the band.tail 

regime for the two kinds of spectra indicating a reasonable value of (µt)h of about 

1.5 x 10-9 cm2 /V. After light soaking (the upper spectra with circle symbols) this 

splitting is substantially reduced which indicates a dramatic decrease in (µ't)1v to about 

4 x 10-10 crn2/V. In addition, we observe an almost factor of 3 increase in the defect 

band absorption (the feature near 1.0 eV). This has been made more evident by the 

dashed curve in Fig. 1 l(a) which is a re-plot of the state B photocurrent spectrum on top 

of the state A photocurrent spectrum so that they can be compared directly. A very 

similar factor increase (2.7) was also obtained by our drive-level evaluation of the deep 

defect densities. 

Because of the very different light exposures employed it is quite difficult to 

compare the degree of light induced defect creation in the different samples at the 

present time. As explained in Section 6.1, we can be sure of reaching saturation only for 

the laser exposed samples: the pure a-Si:H and the 47at.% a-Si,Ge:H film. In Fig. 12(a), 
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we have nonetheless plotted the (µ't)h products before and after light exposure for 4 

alloy films plus those for a pure a-:Si:H photo-CVD sample. (8] In spite of the 
uncertainties regarding the degree of saturation, we can definitely· conclude that a 

significant degree of degradation in the hole transport is observed for all 4 of the alloy 

films. Furthermore, if we plot the quantity (µ't)hNo vs. x, as we did in Fig. lO{b) for the 
annealed samples, we discover a fairly constant dependence [see Fig. 12(b)]. This again 

indicates that the dominant cause of the limited (µ't)h products determined in our 

measurements is simply the deep defect density itself, at least for alloy films with less 

than 50at % Ge. 
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7.0 SUMMARY AND CONCLUSIONS 

In this report we have described the results of a fairly complete characterization 

of a series of a-Si1_xG~:H samples grown at the University of Delaware by the photo­

CVD method. A summary of our results is given in Table I which lists the alloy 

compositions1 optical gaps1 Urbach energies1 deep defect densities1 and µt products of 

holes for alloys within the composition range: 0.29 < x < 0.62 (1.3 < Eopt < 1.57). 

Results for 2 samples at the endpoints (x=O and x=l) are also given. A few of our 

preliminary results are listed for sample properties after light degradation. However1 
possible conclusions from these must be tempered by the fact that different types and 

levels of light exposure were employed (as indicated) for each of the samples listed. 

TABLE I. Summary of Properties Determined for Photo-CVD a-Si1_xGex:H Alloy 
Series. Note that the light induced changes were produced by different types of light 
exposure as has been noted. 

Gennanium Optical Gap Urbach St A Defect St. A (µ-t)h St B Defect St B (µ"t}h 
Fraction, X (eV) Energy Densify (cm2N) Dens!fy {cm2N} 

{meV) {cm-3) (cm-3) 

0.00 1.68 48 3.5 X 1015 6.0 X 10·9 (a)5.0 X 1016 6 X lO·lO 

0.29 1.57 50 6.0 X 1015 1.5 X 10·9 (b)l.6 X 1016 3.5 X lO·lO 

0.37 1.51 51 8.0 X 1015 1.8 X 10·9 (b)3.0 X 1016 6 X lQ-lO 

0.42 1.47 51 1.5 X 1016 1.1 X 10·9 (b)3.4 X 1016 3.2 X lO·lO 

0.47 1.40 52 2.0 X 1016 7 X lO·lO (c)4.4 X 1016 8 X lO·ll 

0.58 1.35 57 1.0 X 1017 3 X IO·ll --- ---

0.62 1.30 55 6.0 X 1016 1 X 10-lO --- ---

1.00 1.10 50 9 X 1017 --- --- ---
(a) Kr laser, 4.5 W/cm2, 1000s; (b} Filtered ELH Source, 200-400 mW/cm2, >S0h; (c) Ti Sapphire Laser, 4 W/cm2, 3000s 
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Our most general conclusion is that these photo-CVD samples seem to represent 

what is close to the "state-of-the-art" in present a-Si,Ge:H alloys. That is, by comparing 

our results with corresponding values given in the literature, we find equal or superior 

properties in terms of bandtail widths and stable defect densities. This conclusion is 

consistent with a statement put forward in an earlier study of glow discharge a-Si,Ge:H; 

namely, that as the rf power level was decreased, the sample properties were observed 

to improve monotonically. [10] Thus the photo-CVD growth process may well 

represent the extremal limit of this previously observed trend. Our ongoing studies 

have just started examining several solar cell quality glow discharge a-Si,Ge:H films. 

Thus we hope to test this conclusion in more detail. 

Our second main result is that we can assign defect energy levels from a detailed 

analysis of our transient sub-band-gap photocapadtance and photocurrent spectra. We 

find clear evidence for two distinct defect sub-bands, one at roughly midgap and the 

other in the upper half of the gap, above Ep. We also determined the energy 

dependence of these defect bands within the gap as the Ge alloy fraction, x, was varied. 

We found that the midgap defect level appeared to track the conduction band more 

closely than the valence band (for the shallow level our data was insufficient to decide 

whether it followed one band more closely). The shallow level was also found to 

exhibit a suppression of its thermal release of trapped electrons. This suggests a large 

degree of defect relaxation, as has been discussed previously [5,6]. 

Finally, we have found that the trapping lifetime related µt products for holes 

decrease in direct proportion to the density of mid.gap defects in these samples. This 

appears to be the case regardless of whether we are dealing with stable defects or 

defects created by light soaking. However, at Ge composition fractions exceeding 

SOat. % there appears to be an additional decrease in {µt)h on top of this. We tentatively 

attribute this to a larger proportion of charged defects in such samples. 

For future study on the low gap alloys, we plan to add some additional photo­

CVD samples to the series studied so far, particularly in the lower and higher alloy 

range. We also plan to employ more detailed ESR and photoconductivity 

measurements to try to elucidate the unusual electron trapping properties suggested in 

our studies thus far. And we plan to obtain a-Si,Ge:H alloy samples grown by a variety 

of other methods (conventional and remote rf discharge, hot-wire, etc.) to determine 

whether the current baseline of properties established by the photo-CVD samples really 

represents any kind of optimum limit. 
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