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PREFACE 

This report covers the first year study to understand the mechanisms of the Staebler-Wronski 
photodegradation in a-Si:H solar cells for the purpose of proposing methods to minimize the 
effect under subcontract No. XAN-4-13318-09 during the time period of March 1 ,  1994 - March 
31, 1995. 

The work at Chapel Hill was performed by: 

L. E. McNeil - co-P.I. 
K. D. Wang - Research Associate 
C. N. Yeh - Ph. D student 

D. X. Han - P.I. 

The samples obtained through collaboration with L. Y. Yang, Y. M. Li at Solarex, X. M. Deng at 
Energy Conversion Devices (ECD), S. Hegedus at Institute for Energy Conversion (IEC) at 
Delaware, R. Crandall and H. Mahan at National Renewable Energy Laboratory (NREL), and R. 
Vanderhaghen in Laboratoire de Physique des Interfaces et des Couches Minces (LPICM), UPR 
258-CNRS, Ecole Polytechnique, Palaiseau, France. We have also benefited from numerous 
discussions with our Condensed Matter colleagues: Y. Wu, J. P. Lu. At other institutions we 
have collaborated with R. Vanderhahgen in France, G. J. Adriaessens at K. University Leuven, 
Belgium, L.Y Yang at Solarex, and mostly with H. Branz, R. Crandall, and B. Vonroed at 
NREL. 
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SUMMARY 

During the contract year, March 1,1994 - March 30,1995, we have continued our experiments 
on Electroluminescence (EL) and transient forward bias current (TFC) as well as photocurrent 
before and after light soaking. We continued our EL spectrum analysis on p-i-n device with and 
without SiC:H buffer in p-i interface. We have started a program to study the SWE in p-i-n solar 
cells made with and without H2-dilution which is collaborated with Solarex. In collaboration 
with L. E. McNeil we study the carrier recombination in p-i-n cells by both photoluminescence 
(PL) and EL. In collaboration with R. Vanderhahgen in France, we study photogain in a-Si:H p- 
i-n and n-i-p devices. In collaboration with G. J. Adriaessens at K. University Leuven, Belgium 
we study TFC in p-i-n devices. In collaboration with Y .  Wu we study the local Si-H bonding 
configuration in hot-wire samples by nuclear magnetic resonance (NMR). 

We have concentrated on determining the factors controlling SWE, on determining the 
correlation of EL data to the cell structure or preparation conditions, such as the effect of 
buffering and of H2-dilution7 by EL measurements. The results of EL will be given in section I. 

In section I1 we present our results of pz-product from photocurrent gain as a function of 
junction properties, and i-layer properties. 

In section III we report the progress of electronic profiling studies in p-i-n structures. 

Section IV shows the results of TFC . TFC as a function of applied voltage for different junction 
before and after light-soaking will be given. 

Section V gives modeling work to explain both our EL and TFC results. 

Section VI gives the preliminary results on new materials studies by NMR. 

Perhaps the most interesting and important results were obtained on the EL efficiency and EL 
spectra in solar cell devices. We found that the room temperature EL effective efficiency, EL/JF 
is proportional to the initial energy conversion efficiency r egd le s s  of preparation conditions. 
Furthermore, we found that the energy spectrum of EL defect band varies from cell to cell. The 
narrower the EL band the better the cell performance and the better stability. 

Our research last year has results in seven papers (see publications) and the submission of four 
quarterly reports, one final subcontract report (91-94), one annual report, and one report for DOE 
PV program peer review (94.12). 
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Introduction 
One of the major factors limiting the solar cell performance is light-induced degradation, the so- 
called the Staebler-Wronski effect (SWE). To minimize this effect we must know where and 
how defects are formed. Many models have been proposed for the SWE, but to date none of 
these have been definitely proven. This is especially true in device structures, e.g. it is not clear 
how junction and interface properties are degraded. The mechanisms and kinetics of the SWE 
could clearly depend upon junction and i-layer properties, such as, buffering, and H2-dilution. 
Our work is aimed at determining the source, position and precursor states involved in the SWE 
in solar cell structures. 

The SWE clearly produces additional states deep in the gap. The questions are: are the important 
states located primarily near the junctions or are they located in the bulk of the i-layer? How do 
the metastable changes of deep states correlate to the photodegradation of the solar cells? It is 
clear that the quasi-Fermi level is increased toward the band edges under illumination or current 
injection, whether or not the SWE occurs related with non-relaxed states? One must understand 
whether uni-elaxed defect states are important and what governs the energy and time scale of this 
relaxation. It is the purpose of oul. research to address all of these questions through studies of 
EL, electric field profiles, photo gain, and transient current properties and degradation in p-i-n 
samples. In addition, the NMR study is a new means for us to explore the Si-H local bonding 
configurations in new inateiials, such as hot-wire samples. 

1) Electroluminescence (EL) 
EL is a result of recombination in both the bulk and junction regions. By studying the total 
efficiency we can determine the recombination both in the bulk and in the interfaces; by studying 
the spectral distribution we can determine which states are important, while degradation of EL 
spectrum as a function of light-soaking time will reveal the kinetics. 

2) Photocurrent Gain Under Forward Bias 
The gain is obtained from the ratio of the forward-bias to reverse-bias photocurrent. Photo gain 
yield is the p~ product in a solar cell configuration. We have studied the gain as a function of 
degradation, junction properties and thickness to determine how the lifetime of the carrier 
depends upon these parameters. 

3) Electronic Profiling 

The electric field profile varies depending upon where recombination takes place. We have 
studied PL spectra and combined the results with the EL results to explore where and how the 
recombination takes place in a-Si:H solar cells. 

4) Transient Forward Cunents (TFC) 
TFC can probe both shallow and deep traps. Transient double injection cuwent is a tool to study 
the energy relaxation of excited defect states which may be involved in the kinetics of the SWE. 

5) Modeling 
Interpretation of experimental results is vital in order to formulate suggested improvements in 
solar cell performance. In most sections we present results with discussions. We will discuss a 
special issue in the modeling section. 

6 )  NMR 
Since Si-H bonds play an important role in the metastability, we have studied local Si-H bonding 
configurations by NMR to find why the new hot-wire material does show better stability. 



Results 
I. Electroluminescence (EL) 

I.1 Introductioia 

The perfoimance of a-Si:H solar cells is determined, to a large extent, by the density of gap states 
(DOS) in the intrinsic i-layer. Much understanding of the DOS and its function in electron 
transport has become available in recent years. Several techniques are available to characterize 
the DOS in a-Si:H films. However, the results and the interpretation of the results from the 
various techniques have often been in disagreement with one another. On the other hand, 
scientists in the PV industry have found that the electronic parameters in the films, such as 
mobility-lifetime product, pz, obtained from time-of-flight (TOF) measurements, DOS obtained 
from constant photocurrent method (CPM) measurements; as well as the structure parameters, 
such as the hydrogen bonding configuration and the microvoid concentration obtained from 
infrared absorption (IR) and small angle X-ray scattering (SAXS), do not correlate well with cell 
performance.[2] Therefore, a suitable technique to measure recombination in real solar cells is 
needed. EL spectroscopy measurements were carried out for this purpose. Our previous EL 
thickness-dependence and lifetime-distribution studies [3,4] have been shown to yield 
information on where recombination takes place, and what pathways for the recombination are 
important in p-i-n structures. Further results in solar cells were obtained during the last contract 
year. 

Under forward bias, electrons and holes are iii-jected into the i-layer from opposite sides of the 
diode. EL is the result of excess electron-hole recombination in the i-layer, including the 
interfaces. At low temperature, the tail-to- tail transition gives the main-band luminescence, 
E h .  At room temperatures, the tail-to-defect radiative recombination gives the defect-band 
luminescence, EL& The generation rate of EL, E, is defined as the number of injected electrons 
that recombine with holes per cm3, per second. This can be expressed in  terms of the density of 
forward bias current, JF, g = J F ~ L D .  The EL quantum efficiency, EL/g, then can be expressed as 
[51 

where e the charge of an electron, LD=pzE the drift-length, E = V/L is the electric field across 
the i-layer, and L the thickness of the i-layer. Since for pI1zI1 >> p,gP, the electron current 
dominates the forward current, one has LD-p,,z,E. 

1.2 Samples and experiineiztal coiiditioiis 

A micro-refrigerator stage was used to hold the sample in the temperature range of 80 to 300 K. 
The applied voltage was obtained from a programmable pulse generator. A standard lock-in 
technique was used to collect the EL signal. The contribution of thermal radiation to the signal 
was less than 2% of the total signal. The EL spectra were recorded by a Ge detector. The 
response curve of the detector and the system optics was calibrated by using a linear response 
detector. 

We study samples obtained Crom the other team members, Solarex, ECD, IEC, and NREL, and 
also from our collaborators in  France. Thc sample prcparation conditions and cell performance 
are listed in Table I. The substrate surface was textured to avoid interference fringes. The top 
contacts were Ag, A1 or ZnO, and the area was 0. I to 0.3 cm2. The i-layer thicknesses were 0.2, 
0.4, 0.5, and 0.55 mm. The cell structures were either p-i-n, n-i-p, or p-b-i-1.1. For NMR studies, 
the samples were prepared by NREL on AI Coil substrates. 
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Table I Sample Prepwition Conditions and Cell Pei-foimance 

1.3 EL Resiilts 

Effective EL efficiencv as a function of solar enercv conversion efficiencv 
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Fig. 1 EL/Jc vs. foiward bias for samples 

According to Eq. (1.1) the EL efficiency is 

q 3  where the value of pI,~plO-5 
c d / V  for all the cells in the initial state. As 
shown in Fig. 1, the electric field across the i- 
layer in a certain range has no effect on the 
efficiency, so that EL/Jr: is the effective 
efficiency of EL. Fig. 1 plots EL/JF curves as a 
function of applied voltage at 300 K for six 
samples made by PECVD and PhotoCVD in 
different laboratories. The sample IDS are 
listed in the figure and the corresponding solar 
cell parameters are listed in Table I. One can 
see that the EL signal was measurable from 
about 0.5 V forward bias regardless of the 
device structures and their preparation 
conditions. The EL efficiencies increase with 
applied voltage in the low injection region 
when the external field is smaller than the 
built-in field. As the applied foiward 
voltages increase, there is a transition region 

JF 

" 
#522, #16, #20, #25, #26, and #88 i t  300 K. betwien 0.7 V to 1.0 V. We found that &EL 

effective efficiency in the applied voltage range 
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of 0.8 V to 3 V is almost constant. Therefore, one can use room-temperature ELJJF with Va > 
0.8 V as a characteristic parameter for p-i-n or n-i-p cells. This parameter is a synthesis of the 
radiative recombination that is inversely proportional to the defect density in both the i-layer and 
the interfaces; and it will be enhanced by multiple reflections by using a reflection substrate.[6] 

0 
0 
0 
0 
0 
0 
0 
A 
0 
a 
0 
a 
0 
0 
0 

#522- 1 
#5 22- 2 
#522-3 
#533- 1 
#533-2 
#533-3 
#25- 1 
#26- 1 
#25-2 
#26-2 
#25-3 
#26-3 
#82- 1 
#82-2 
#82-3 
#88- 1 
#88-2 
#55- 1 
#55-2 

Solar cell energy conversion efficiency (%) 

Fig. 2 EL efficiency vs. solar cell conversion efficiency for 
the cells listed in Table 1. Several dots were 
measured for each sample with the same I.D. 

Figure 2 plots the EL effective efficiency as a function of the solar cell conversion efficiency for 
twenty dots made at different laboratories as listed in Table I. One can see that the data from 
cells made by PECVD follow the same line. The data from the cells made by PhotoCVD follow 
another line. Notice that these cells are all in the initial state. We found that the room 
temperature EL effective efficiencv, EL/JF is proportional to the solar cell energv conversion 
efficiency regardless of Preparation condit';ons.- Light-soaking increases the defect density and 
decreases the PnZn product. Therefore, the effective efficiency EL/JF is no longer a good 

parameter for the measure of the defect density, one must use q = lEL(epllZ1lvL) to describe the 
JF 

EL efficiency. 

EL spectra of samdes with different Drenaration conditions 

The EL spectrum of a-Si:H is typically characterized by two bands: the 1.2 eV main band (ELm) 
is due to tail-to-tail radiative recombination, and the 0.9 eV defect band (ELd) is due to defect-to- 
tail radiative recombination. The line shape of the main band depends on the width of the band 
tail states [9] while the line shape of the low-energy band may depend on the distribution of the 
deep traps. We have measured the EL spectra for the samples listed in Table I and found there is 
a correlation between the line shape and thc cell performance. Fig. 3a shows the EL line shape at 
80 K for samples #522, #10 and #20, which have a similar density of defects, DOS I 10'6 cm-3. 
One can see that besides the 1.2 eV EL!, doillinant peak there is a low-energy shoulder which 
indicates that there are more deep traps in  cell #20 (made without H2-dilution), but many fewer 
in #522. We further show, in Fig. 3b, the EL spectra for the same group of samples at 300 K. 
Comparing the spectrum line shape with the cell's parameters listed in Table I, one finds the 
energy conversion efficiency is 8.4, 8.7 and 9.0 for cells #20, #IO and #522, respectively. It is 
clearly that the narrowel* the EL band, the bclter the cell perfoimance. 
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Fig. 3. EL spectra for cell #522, and cells #10 and #20 made with and without 
H2-dilution. 
(a) under 4 V forward bias at 80 K , and 
(b) under 0.8 V forward bias at 300 K. 

Quasi-Fermi level Split~ine and Onen-circuit voltages. - V, 

As we discussed above that there is a correlation between the EL line shape and the cell 
performance. A thin graded SiC:H composition buffer layer (b-layer) at the interface between 
the wide bandgap a-SiC:H p-layer and the a-Si:H i-layer improves the cell properties by 
increasing the V,, and the overall device performance. We compared the EL spectrum line- 
shape in a pair of samples, #26/#25, made by PECVD and found that the p-b-i-n cell #26 shows 
stronger main-band luminescence than the p-i-n cell #25. The other cell made by PhotoCVD 
with a buffer layer, #55, showed even stronger enhancement of the main-band luminescence than 
the cell without a buffer layer, #88. Intel-estingly, a similar spectrum can be obtained in the p-i-n 
cell by increasing the applied voltage. With increasing V,, current injection increases which 
shifts the quasi-Feimi level as much as AE,f = kTln(J~2/J~1).[7] We obtained AE,p 40-50 ineV 
in the p-i-n cell to match the AEL between p-b-i-n and p-i-n cells as shown in Fig. 4a and 4b. 
The required increase of applied voltage is just enough to shift the quasi-Fermi level an amount 
equal to the increase of the Voc as seen in Table I. A higher current density also means a higher 
occupation of the tail states that results in a stronger high-energy luminescence, ELm. Figures 4a 
and 4b show the comparison of the EL spectrum modification by either a buffer layer or an 
increase of the applied voltage at 300 K and 200 K, respectively. On the other hand, the function 
of the buffer layer is to reduce deep states around the p-i interface, [8] and therefore the 
occupation of tail states, and then the main-hand ELln is enhanced in the diode with buffer layer. 
In photovoltaic mode the bul'fer drives tlie electrons away from the p-i intei-face, and leads to less 
recombination which increases Voc. The question is whether there are any changes in the i-layer. 
Since the luminescence signal is inainly froin the i-layer, based on the EL spectra shown in Fig. 4 
the cairier occupation in the i-layer must be changed by inserting a buffer layer. This can be due 
to the decrease of inidgap recombination near the p-i interface. However, a decrease of the deep 



states in the i-layer is not excluded, if the better lattice match between the a-SiC:H p-layer and 
the a-Si:H i-layer releases the strain in the i-layer. 

L I I 
0.6 0.8 1 .o 1.2 1.4 1.6 

~ ~~ 

0.6 0.8 1 .o 1.2 1.4 1.6 
Photon Energy E (eV) PhotonEnergy E (eV) 

voltage in #26 p-b-i-n and #25 p-i-ii cells. The solid lines are a guide for the eye. 
(a) at 300 K, (b) at 200 K. 

Fig. 4 Modification of EL spectra with a buffer layer or with an increase of applied 

(a> (b) 
Fig. 5. Schematic diagram of the position of the quasi-Fermi level 

(a) in a p-i-n cell under 1.7 V and 4.0 V forward bias, respectively, 
(b) in a cell under 1.7 V with p-i-n and p-b-i-n structures. The dotted lines 
describe the DOS and Ef, in the p-i-n structure, the solid lines are the 
corresponding values in the p-b-i-n structure. 

We use a schematic diagram to describe the function of increasing the applied voltage and of 
inserting a buffer-layer. We found that #25 p-i-n and #26 p-b-i-n cells show identical JF-V and 
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JF-T curves when V 2 0.9 V (JF 2 10 mNcin2). Therefore, we assume that the same voltage 
occurs across the i-layer under the same forward bias. In Figure 5 the shift of the quasi-Fermi 
level position indicates the changes in the carrier occupation. This diagram indicates that the Vm 
is simply related to the quasi-Fermi level splitting obtainable under forward bias and that the 
buffer layer serves to increase this splitting. 

Light-soaking effects on EL efficiency 

We next show light-soaking effects on EL efficiency and the iinportance of the correct definition 
of the generation rate of EL for the interpretation of the light-soaking effects. The #10 cell was 
exposed to 2000 W/m2 light for a series of equal-time light-soaking steps. Fig. 6 plots I ~ J F  vs. 
JF. Surprisingly, the EL efficiency, IEL/JF, appears to increase with light-soaking. After 30 hr., 
the maximum IEL/JF is about a factor of 2 larger than in State A. If the non-radiative 
recombination had been enhanced by light-soaking we would not expect the radiative 
recombination efficiency to increase. According to Eq. (1. l), we conclude that the pnzn product 
is decreasing with light-soaking. When we use the correct expression for the generation rate and 
apply reasonable values of the plltll product, the results of the light-soaking effect on EL 
efficiency become more reasonable. Our results are replotted in Fig. 7 with pI1rn(A) = 10-5 
cm*N in State A, and pn~:n(B) = 10-6 cm2/V after 2 hr light-soaking. In Fig. 7 we see that the 
EL efficiency, c(~~z~~IEL/JF, does decrease roughly an order of magnitude upon light- soaking. 
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Fig. 6 Light-soaking effects on EL efficiency at room temperature. Legend shows light- 
soaking times for a 0.5 pin p-i-n device (#lo). 
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Same data as in Fig. 6 multiplied by the pl1zl1 product of its exposure state. 

I. 4 Conclusions 

We have demonstrated that the results from EL measurements correlate well with the solar cell 
parameters. In summary, EL measurements appear to form a complement to the existing CPM 
and PDS techniques to characterize the quality of the intrinsic material (i-layer) and of the 
correlated p-i-n cells. The main conclusions that we draw from these EL studies are: 

1) The EL effective efficiency at room temperature is proportional to the solar cell initial 
efficiency. Since the EL efficiency is inversely proportional to the defect density in both 
the i-layer and the interfaces, the interface contribution can be evaluated with the known 
bulk density of defects. Further study of to separate the contributions of interface and 
bulk recombination is needed. 

2) We found that, at room temperature, the energy spectrum of EL defect band, ELd, varies 
from cell to cell. The narrower the EL band, the better the cell performance, which 
indicates that not only the total density of defects but also their energy distribution is 
crucial for the cell performance. 

3) EL spectra of the photodegradation effect give useful infomalion about how those deep 
states are responsible for the degradation. EL spectra of the photodegradation effect in 
both H2-diluted and non H2-diluted solar cells are being undertaken. 

4) The enhancement of the EL main-band is correlated with the presence of the SiC:H buffer- 
layer which is used to increase Voc. The EL results can be explained by a decrease of the 
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density of deep states near the p-i interface, but a decrease of the deep states in the i-layer 
is not excluded. 

5 )  The photodegradation effect on EL efficiency is doininated by the decrease of the FT 
product. The effective EL efficieiicy EWJF should not be used to characterize a solar cell 
without taking the yz product into account. 

II. Photocurrent gain 

For the photogain studies, we have worked in collaboration with Regis Vanderhaghen of LPICM, 
Ecole Polytechnique, France. A paper entitled "In teiface effects on double injection current and 
photocurrent in a-Si:H n-i-p and p-i-n diodes", is to be published in J. Non-Cryst. So1.(1995). 

II.1 pzproduct iit p-i-n devices deduced from photogain 

The p~ product is the most important transport parameter of the i-layer for a-Si:H solar cells. 
Photoconductive gain gives directly the p~ product in a device configuration. In the case of 
electron-hole double injection, the net charge density in the diode, eNSc, is limited to roughly 
C V L  where C, V, and L are the capacitance of the sample, the applied voltage, and the i-layer 
thickness, respectively. When the carrier lifetime zl, is greater than the transit time t,, the 
injected carrier density N- and N+ can each be much greater than CV/eL . One can wiite the net 
space charge density eNsc as follows: 

where n (p) and nt (ptj are the density of free aiid trapped electrons (holes) respectively. The 
densities of cariiers injected into the i-layer, Nk, are large, so that as a first approximation one 
has: 

- Gd, = cv cv z 
eL t ,  .eL 

z where Gd = 2 is the gain. Under a unifoiin photo-generation rate gb. if there are no interface 
effects, and when the electron mobility is larger than the hole mobility, the bulk controlled 
photogain, Gph can be wiitten as 

tn 

where the forward bias photocurrent jFll = e gph pllzl, V/L, and the reverse photocurrent jFh = 
eLg,h. The ratio jFh/jFh is the photogain, aiid is a direct measure of the electron mobility- 
lifetime product, pnzt,. The reverse photocuimit should be measured with a high enough voltage 
so that all the generated photocariers are collected. 

The wavelength, h, was vaiied to measure the spectral photogain G&). Gpl,(hj = Jph(h)/eF(h), 
where Jp&) is the measured photocurrent aiid F(h) the absorbed flux inside the device. The 

primary photocui-rent space charge Qpi.1, defined as Qph = c(Nzh(x)-N&x))dx, where N&(x) 
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or Nph(x) are the primary photocarrier densities, moving and trapped, at x, is obtained from the 
photogenerated carrier gradient throughout the thickness of the device. If the primary 
photocurrent is assumed to be independent of the wavelength, then Qph becomes smaller when 
the absorption length decreases. As the bulk-induced secondary photocurrent is roughly 
proportional to Qph, then the bulk-induced photogain should decrease at short wavelengths when 
the absorption length decreases. In contrast, if the photogain is interface-induced, it will be flat 
or will go as l/La, where La is the absorption length (i.e. increase at short wavelength). The 
flatness or the variation as 1/La depends on the interface mechanism, but it never can vaiy as La 
in the case of an interface effect. Therefore, a flat photogain with La, or increase at short 
wavelength, is a clear indication of interface-induced photogain. 

11.2 Experimental results 

a-Si:H n-i-p and p-i-n devices were deposited at 2OOOC on Sn02 coated glass substrates by rf‘ 
glow discharge (13.56 MHz) in a hot-wall multiplasina monochamber reactor [19] , at Palaiseau. 
Structures grown on semitransparent Cr contacts thermally evaporated on glass substrates were 
also used to study a possible iiijection limitation at the substrateh-type a-Si:H interface: no effect 
was found. The intrinsic layer thicknesses ranged from 1.0 to 3.0 microns, with a density of 
dangling bonds of 5x101s cm-3. Both the n- and p-layer wece 200 8, thick. We have modified 
some n-i interfaces by interposing either a buffer layer of 20 A thick SIN deposited at 250 OC, or 
a buffer of a slightly p-doped 300 A layer. Cr or A1 were used for the top contacts. A 300 8, 
semi-transparent Cr layer was used as the top contact for optical measurements. 

Large photogain in an n-i-? structure 

We have measured I-V curves 01 n-i-p and p-i-n diodes under forward bias with and without 
light-bias. We found that the photogain, Ggl, can be as high as 1000 in an n-i-p structure. 

1 0-2 

n 
“E 10-4 

2 
0 

W 

c c 
c, 

c-, 
h 
-G 

1 o-s 

I n-10 

Red-, Blue-light 

- 1 . _  ----I 
- . - .  - - - - .  

cI-.Q_4-4 

f . - - - -  

- - .  - -  

Dark W 
-3 -2 -1 0 1 2 3 L U  

Applied voltage (V) 

Fig. 8 Dark-current Jd and photo-current Jph as a function of applied voltage 
for a 2 pin n-i-p diode illuminated on the n side, at vai-ious photon 
fluxes, for red (h=650 nm) and blue (h=450 nm) light 
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Figure 8 shows typical dark- and photo- J-V curves for a 2 pm n-i-p diode illuminated on the n 
side, at various photon fluxes, for red-(h=650 nm) and blue (h=450 nm) light. The thick line is 
the dark current, the dotted lines are the photocuirent response for red light, and the thin lines are 
the photocument response for blue light. The saturation with V of the reverse bias photocurrents 
for red light indicates that we have a good measurement of the incident photon-flux, as required 
by Eq. (2.3). One can see that the forward-bias secondary photocuirents are much higher than 
the reverse-bias pi-iinary photocuuent. The photogain, according to Eq. (2.3), is about 1500 for 
red light but about 4500 for blue light in this sample. (the photogain should be small for blue 
light if it is a bulk effect.) The photogain decreases slightly at higher flux, when the forward-bias 
photocurrent becomes comparable to the dark current. One reason for the larger photogain under 
blue light is that the reverse photocuirent has not yet saturated at -3V. If the blue light intensity 
were corrected for the lack of saturation, the blue and red photogains would be roughly equal. 
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Fig. 9 Comparison of the photon-energy spectrum of the photogain for a 
1.0 pin n-i-p and a 2.3 pin p-i-n diodes illuminated from n-i side 

In contrast to the large photogain in n-i-p devices, we i'ound there is only a very small photogain 
in p-i-n devices, produced either at Ecole Polytechnique or at other laboratories. In order to 
determine the origin of the photogain, we studied its photon energy dependence. 

In Figure 9, we show the photon-energy spectra of the photogains for a 1 pin n-i-p device and a 
2.3 pm p-i-n device (the latter was the only p-i-n sample to show photogain), both illuminated 
from the n-side. One can see in Fig. 9 for both the n-i-p and p-i-n devices , the photogains are 
somewhat flat as the photon energy varies from 3.0 eV to 2.0 eV. An even larger photogain for 
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blue light in an n-i-p device is shown in Figure 8. Surprisingly, among all the n-i-p devices we 
measured, we have never observed a photogain reduction under blue light, as expected for bulk- 
recombination-controlled photogain. It was always flat or increasing as the photon energy is 
increased. In Fig. 10, we compare the photogain spectrta of the same p-i-n device as in Fig. 9, but 
illuminated from both the n-side and p-side. Here we have plotted the photogain as a function of 
the absorption depth. The photogain spectral response measured from both sides exhibits the 
same trend of high gain near the n-i interface but again low near the p-i interface. The results in 

device, and second that the photogain decreases from about 40 to less than unity as the 
absorption moves from near the n-i interface to near the p-i interface in this p-i-n device. This 
excludes a p-i interface photogain for these devices, as then exhibit no apparent bulk-induced 
photogain, and emphasizes the n-i interface effect. If a bulk-induced photogain exists in either 
an n-i-p device or a p-i-n device, it must be small: we have no indication for p-i-n device, we 
observe a dominant n-i interface effect on the photogain for n-i-p device, and the bulk photogain 
shoud be similar for n-i-p and p-i-n devices of the same thickness deposited under the same 
conditions. 

. Figs. 9 and 10 show first that the photogain in a p-i-n device is much lower than in an n-i-p 

Both the dark- and the photo-current responses of the devices strongly depend on the deposition 
sequence (n-layer before or after i-layer) which affects both n-i and p-i interfaces. One 
explanation of our findings is that the photogain in both n-i-p or p-i-n structures is controlled by 
the strength of the hole trapping near the n-i interface. This suggests that the n-i interface 
degrades by light-soaking as the bulk does. We also found that the recombination mechanism 
near the n-i interface is bimolecular for as-deposi ted devices, and becomes monomolecular after 
degradation. 

The observation of photogain at short wavelengths when illuininaled from the n side is a clear 
indication that the dominant contribution to the photogain is not from the bulk, but from the n-i 
interface. One possible explanation is that the n-i interface barrier is reduced by hole trapping. 
This can be understood as an enhanced electron injection due to the light-induced reduction of 
the n-i barrier. The photogenerated elcctrons in the junction depletion region are swept out by 
the strong internal electrical field, and the holes neutralize the negative junction space charge to 
lower the interfxe banicr. Moreover, the holes generated in the bulk by red light are collected at 
the n-i barrier and therefore contribute to the reduction of this baiiier. It therefore appears that, 
at least in devices showing photogain, the electron iiijection is limited by the n-i barrier. The 
decrease of photogain at short wavelengths, for p-side illumination (see Fig. lo), is a clear 
indication that there is no photo-enhanced-injection at the p-i interface. As the p-i interface 
barrier is higher than the n-i interface barrier, and the electron trapping efficiency is not as high 
as the hole trapping efficiency, the negligi hle photo-effect at this interface is understandable. 
Moreover, as the dark electron current is much larger than the hole current, this dark current 
could inhibit a photo-effect at this interface. Further measurements of photon energy dependence 
of photogain on both p-i-n and n-i-p structures are needed to verify our hypothesis. 
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Fig. 10 Photogain as a function of absorption depth for a 2.3 pm p-i-n devices, 
which shows Gph is high near the n-i interface but low near the p-i 
interface, when illuminated from either the n-side or the p-side. 

11.3 Conclusions 

(1) We have observed a photogain, G 11, as high as 1000 in a-Si:H n-i-p diodes for blue- and 
red- light genei-ation. However, dPil is below the limitation of our measurements in most 
of the p-i-n structures. This photogain in our n-i-p devices is attributed to the n-i 
interface, through a barrier-height reduction by tripped holes. The absence of photogain 
in the p-i-n devices niay be attributed to p-i interface injection limitations. 

(2 )  We have studied the photogain in 1- to 3-pin thick p-i-n and n-i-p samples, in which the 
photogain is unlikely to be related to the i-layer properties but is due to the interface 
effect. In the beginning of this work we attempted to study the transport parameter p~z 
product in the i-layer of a p-i-n structure; it is turned out that we observe instead the 
adjustment of the interface barrier by photocai-riers. 



III. Electronic Profiling 

III.1 Null-current method 

One of the consequences of the SWE is the change in the electric field distribution which affects 
the quantum efficiency wavelength dependence. It is important to determine how the electric 
field changes upon light-soaking. Basically, one applies a low intensity pulsed laser excitation of 
a specific wave length and consequently a specific absorption coefficient a(h). Also applied is a 
voltage pulse in which the amplitude of the voltage in adjusted until there is no current due to the 
laser light. One then deduces the field profile by varying a@) and the applied voltage which 
gives a null current; e.g. 

L 

jL  = 0 = I, [Ei (x) - Va/L]e -ox dx (3.1) 

where V, is the applied voltage which make j~ = 0 and Ei(x) is the internal electric field profile. 

M. Silver and his colleague[9] made electric field determinations in a Schottky-barrier cell by the 
null-current method using equipment at the Aimy Research Office. During the last contract year, 
we have set up a pulsed dye laser system on an optical table in our laboratory, and started to test 
the transient photocurrent signal from a-Si:H samples. The dye laser and optical table were 
supported by our deparlmen I. We further showed that the null-current method works in p-i-n 
structures. However, the signal/noise ratio is low, and the measurement procedure is 
complicated because one has to change the dye inany times for each curve. To do extensive 
measurements we need to buy, at least, a series OC dyes and optical cells. 

111.2 Carrier recornbination studied by PL aiid EL spectroscopies in p-i-it diodes 

We have collaborated with L. E. McNeil to study cait.ier recombination in a-Si:H p-i-n devices 
by using both PL and EL spectroscopies. A paper entitled "Carrier recombination in a-Si:H p-i-n 
devices studied by PL and EL spectroscopies" lias been presented at the MRS spring meeting, in 
San Francisco in April 1995. 

PL is the result of radiative recoinbiiiatioii near the interface, while EL is a effect including both 
the bulk and the interfaces. The generation depth of electron-hole pairs can be varied by 
changing the wavelength of the laser beam in  the PL mcasurements. 

Both intensity and energy specpa of PL and EL were studied at temperature ranges of 80 to 300 
K on a-Si:H p-i-n structures. We found [1,3,5] that the EL spectrum line shape depends on 
several parameters, such as the i-layer thickness, the generation rate, and the sample structure 
with or without a buffer layer (b-layer); while the PL spectrum line shape shows no difference 
those parameters are varied. 
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Fig. 11 Luminescence efficiency vs. T in 0.4 pin p-i-n and p-b-i-n samples #25 and #26 
(a) PL from both n-i and p-i sides, and 
(b) EWJF at 3 V applied voltage. EL/JF data from 1.1,2.0 and 10 pm p-i-n 
samples at 10 V, 12 V, and 30 V, respectively, are shown on the top. 

Generally, the temperature dependence of the luminescence efficiency is a measure of the 
band-tail width in a-Si:H. It was found that the PL efficiency, 1p~(T),  decreases with increasing 
temperature in the range of 80 K e T < 300 K and follows the relation [lo] 

where TL = Tdln(voT:,) = Td23 with vo = 1013 s-1 and an average radiative lifetime zr = 10-3 s. 
TL is characterized by carriers which are trapped in the tail states, and To is characterized 
temperature of the exponentially-distributed baiid tail states, g(E) = goexp(-AJYkTo). In intrinsic 
a-Si:H TL is 20 - 25 K, corresponding to a To of 460-575 K. In this model only tail-to-tail 
transitions were taken into account. This is the case in low-defect dendity a-Si:H films excited by 
band-gap light.The PL inteiisity as a function of temperature is shown in Fig. 1 l a  for 0.4 pm 
p-i-n and p-b-i-n samples #25, and #26 excited from both the p-i and n-i sides. All the data fit to 
a straight line with a slope of TL j= 26 K. The results are consistent with previous PL studies in 
a-Si:H filrns.[6, 101 In comparison, EL/JF as a function of temperature measured under constant 
voltage conditions is shown in Fig. 11 b. Thc legend is listed on the right side of the figure. The 
top two curves are from thick samples. They give a slope of 27-29 K, close to the number from 
the a-Si:H films. However, the EWJF vs. T curves from thin samples #25 and #26 do not show a 
straight line. They are close to a straight line between 100 K < T < 200 K, with a much larger 
slope of 38 K and 48 K for samples #25 and #26, respectively. In order to exclude the defect- 
band luminescence the curves were measured by a 1.1 eV cut-off photomultiplier (PMT) instead 
a Ge detector, and these measurements are shown with solid circles and solid squares. A smaller 
slope of 30 K arid 36 K for sunples #25 and #26 was obtained. This indicates that defect 
luminescence does contribute, but the EL/JF vs. T curves still show a weaker temperature 
dependence in thin p-i-ii samples. 
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Why is the EL spectrum line shape sensitive to several parameters, such as the i-layer thickness, 
the generation rate, and the sample structure with or without a buffer layer, but PL is not? Why 
does the EL efficiency have a weaker temperature dependence than PL does? One reason is that 
the occupation of the tail states depends on how the cariers were excited, Le., photon, electrical 
field, etc. The lower the energy of the luminescence main-peak, the less likely is the 
luminescence to grow with decreasing temperature. 

111.3 Coitclusioits 

(1) We have studied carrier recombination in a-Si:H p-i-n devices using both PL and EL 
spectroscopies, and found that the EL spectrum line shape depends on several parameters, 
such as the i-layer thickness, the generation rate, and the sample structure with or without 
a buffer layer (b-layer); while the PL spectrum line shape shows no difference those 
parameters are varied. The EL efficiency has a weaker temperature dependence than the 
PL does. 

- 

(2) PL from solar cell structures shows the sanie features as that in films, such as that the PL 
spectrum line shape does not change obviously with absorption depth or with either p/i or 
n/i interfaces, because the tail- to-tail transitions dominate the PL signal with band-gap 
light excitation. 

IV. Transient Forward Current (TFC) 

IV.1 Negative bias dependence o j  TFC 

We have demonstrated extremely long relaxation times of the forward cumnt decay of a-Si p-i-n 
devices [11,12]. 111 order to check whether tlic slow relaxation is due to the deep traps in the bulk 
or at the junctions, we have measured the TFC response after negative bias for p-i-n devices with 
different i-layer thickness of 0.4, 2.0 and 10 pin. We found that the thicker the i-layer, the larger 
the negative bias effect. So we conclude that lhis is a bulk effect. The negative-bias effect on 
the TFC in real solar cells, for which the i-layer thickness is about 0.4-0.5 pin, is not as obvious 
as that in thicker samples. 

We have done more TFC measureinents on p-i-n diodes made with or without H2-dilution. They 
show very different features. To analyze the data and compare with the EL spectra results would 
result in more useful information about how different the deep traps are in these two types of 
cells. 

IV.2 Applied voltage dependence of TFC iii y-i-11 arid n-i-p solar cells 

We have collaborated with G. J. Adriaessens at K. Uiiiversity Leuven, Belgium to study the 
transient foiward tun-ent in several specimens of a-Si:H p-i-n structures as a function of bias 
voltage, temperature, and illumination as well as the degradation of the samples. We have 
continued to study the TFC in samples made at Solarex and ECD. The sample parameters are 
listed in Table I. The general features of TFC are a decaying initial electron-space-charge- 
limited current (SCLC) followed by 8 rise of recoinbiiiatioii-liinited current (RLC). We studied 
the TFC in several speciineiis of a-Si:H p-i-ii structures as a function of bias voltage. Fig. 12 
shows the foiward-transient current from a high-efficiency solar cell #522. 
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Fig. 12 Transient forward current as a function of applied voltage under 0.5 Hz 
pulses at 300 K for #522 cell 

How much may we learn from these curves in Figs 12 and 13? The following infoimation of gap 
states of the i-layer and interfaces can be obtained from TFC. 

(A) As shown in Fig. 12, for a good injecting junction, the electron SCLC decays as a power law 
I(t) = t-(l-@ where a = T/To. To is related to the density of gap states, so it is sensitive to 
light-soaking. It is consistent with our prevous results [ 131 that is the slope of the deep tail 
states below the conduction band edge changes with light-soaking. Since electron drift 
mobility pd(t) at longer times depends on the density of deeper states, the change of the 
slope in SCLC could be attributed to a change of To according to pd(t) = (vat) -(l-TEo). To 
= 340 and 750 OK, were found [13] for a 2 pin p-i-n at state A and B, respectively. For a 
poor injecting junction, the initial SCLC is either very low or shows a curved feature. 

(B) The delay time of the curent onset from its initial decay is related to the initial SCLC, with a 
power law, td = (Isc~c)-Y, where y is a constant, which is insensitive to the measurement 
conditions but depends on the properties of devices such as the density of states in the 
intrinsic layer. Therefore, we suppose the y value is a measure of the quality of devices. For 
example, Y = 0.7 in the annealed slate A but 1.7 in the light-soaked state B for a 3.7 pm 
p-i-n device. 

(C) As seen in Fig. 12, the lowest curve under 1 .O V shows an overshoot of the recombina6on 
current onset at low field when the applied external electric field just balanced the built-in 
field. The overshoot becomes more pronounced in light-soaked states. The integral of the 
area, jAJF(t )dt, is related to the density of deep states. 
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(D) As seen in Fig. 13, the value of the final recombination current multiplied by the rise time of 
the recombination current, JFtr, is a constant, which indicates how much charge must be 
neutralized before the recombination current reaches a steady-state value. This number is 
small in high-efficiency cells but large in relatively-low-efficiency cells. 
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Fig. 13 The final foiward current multiplied by the rise time of recombination 
current, , JFtr, as a function of applied voltage, which shows a constant. The 
data are from the same sample as in Fig. 12 

IV.3 Coiiclusioiis 

1) For a good injecting junction, the electron SCLC decays as a power law I(t) = d1-a) 
where a = T/To. To is related to deiisity of gap states, so it is sensitive to light-soaking. 
According to the multiple-trapping model, E141 in a 0.4-0.5 pm sample under 1-2 V 
applied voltage, the demarcation energy sweeps the energy range of 0.23 to 0.35 eV 
below conduction edge in the time period of lo-* - sec at room temperature. 

18 



Considering that the conduction band tail has the form of a sum of two exponentails 
[15,16] the change of To upon light-soaking can be explained by a change of the slope of 
the deeper exponential states. 

2) The value of the final recombination current times the rise time of recombination current, 
Ccm-2 in high efficiency cells but J&, is close to a constant which is in the order of 

is greater than 10-6 Ccrn-2 in relatively low efficiency cells. 

V. Modeling 

We presented a simple model to explain our TFC data in section IV["Folward current transients 
in amorphous silicon p-i-n structures", to be published in J. Non-Cryst. Sol.( 19931. We studied 
the EL intensity as a function of forward current in a group of p-i-n devices in a wide 
temperature range. We found that the linearity occurs only under certain conditions. In most 
cases, there is either sublinear or supralinear dependence of EL on current. [see publication 11. 
We observed a distinct recombination regime in amorphous silicon diodes under double injection 
[see publication 21. 

We discuss the appropriate generation rate for analysis of EL in this section. Generally, the 
steady state EL intensity, IEL, is defined as the number of photons per unit volume per second 
produced from the sample. Since the energy of the emitted photons is less than 1.6 eV, the 
internal re-absorption is negligible for a sample thickness less than 10 pm. The EL quantum 
efficiency, q = IEL/~ ,  is defined as the ratio of EL intensity, IEL, to the generation rate, g. It is 
common to calculate an effective generation rate g for an EL from the forward bias current 
density. Then, g = JF/eL where JF is the forward-bias current density, e is the charge of an 
electron, and L is the i-layer thickness. This is valid if every carrier across the junction 
recombines within the device. In other words, if the carrier recombination lifetime T is less than 
or equal to the transit time to. When the condition z I to is not met, this expression g = JF/eL is 
questionable. When the injection current is larger than the recombination current, gain (dk) >I, 
the forward bias cuixiit is approximated by 

(5.1) 

where C is the sample capacitance, V is the voltage across the i-layer. This implies that before 
one injected electron recombines with a hole in the device it circulates in the circuit z/@ times. 
In the dark, we obtain the gain factor (z/to) = (pzE)/L where E is the electrical field across the i- 
layer, and to = L/(yE). So the generation rate for EL can be expressed as 

E=-  JF 
epzE * 

Then one should use for the EL efficiency 

[cm-%-1] (5.2) 

(5.3) 

In Eq. (5 .2)  and (5.3) the drift-length pzE is substituted for the sample thickness L in the 
commonly used expression g=JF/eL. 
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This same argument can be made in another way. Because the electron-current contribution 
dominates the total current in a-Si:H p-i-n diodes under double injection, the forward cui-rent can 
be written as 

JF JI1 = enpnE [A ~ m - ~ ]  

[A ~ m - ~ ]  (5.4) 

where pnz, is the mobility-lifetime product for electrons. So the effective generation rate for EL 
can be written as 

The EL quantum efficiency I E L / ~  can be expressed as 

where Lu= pHznE is the electron drift-length. In Ey. (5) and (6) the electron drift length prior to 
recombination, pnt,E, is used instead of pzE in Ey. (2) and (3). The drift-length, pzE, must be 
much greater than the i-layer thickness in a good solar cell, therefore, the gain factor, (Tho) = 
(pzE)/L, must be much larger than unit and the actual generation rate of EL should be much 
smaller than the commonly used number, J&L. The measured EL efficiency, therefore, is 
comparable to that of PL. 

The importance of suitable definitions for the generation rate has been seen in Section I Figs 6 
and 7. However, both the Jr: - V characteristics and pz shall change with photodegradation, and 
they change with temperature as well. 
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VI. New material studied by Nuclear Magnetic Resonance (NMR) 

VI. I Experimental results 

We have observed preliminary NMR results for the structure of hot-wire material that has shown 
improved stability. Hot-wire film TH125 was deposited on A1 foil at NREL. The film was 
peeled off by DI water diluted-HC1. A proton-free probe was used for the NMR measurements. 
Fig. 14 shows the NMR spectrum in a hot-wire sample. A two-component lineshape is 
ubiquitous, as observed for all a-Si:H films. The narrow component is associated with randomly 
distributed monohydride groups, the broad component is associated with the clustered 
monohydride groups. Other local hydrogen bonding configurations also contribute to the broad 
component. The NMR lineshape in a conventional PECVD a-Si:H sample contains about 70% 
broad component. However, in the hot-wire sample, the percentage of the broad band was lower 
than 50% of the total resonance signal. This means these must be much less clustered -H, 
dihydrides, triliydiides, and polymeric (Si-H& in the hot-wire film. This is experimental 
evidence that the hydrogen local bonding configuration plays an important role in 
photodegradation effects. The randomly-distributed monohydride group is more stable than 
other hydrogenated bonding configurations. 

i " " 1 " "  
room teniperatuke, 94.12.9 

0 .o 

5 0  25 0 -25 -50 
kHz 

Fig. 14 the NMR spectrum in a hot-wire.sample. 

VI. 2 Coitclusion 

The NMR lineshape in a conventional PECVD a-Si:H sample contains about 70% broad 
component. However, in the hot-wire sample, the percentage of the broad band was lower than 
50% of the total resonance signal. This means there is much less clustered-H in the hot-wire 
film. This is experimental evidence that the randomly distributed monohydride group is more 
stable than other hydrogenatcd bonding configurations. 
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CONCLUSIONS 

I. Summary of the answers for the questions arising in the beginning of the introduction 

1. Are the important states related to the SWE located primarily near the junctions or are they 
located in the bulk of the i-layer? 

This is an important issue for a-Si:H PV industry. Our answer is that the important states related 
to the SWE are located primarily in the bulk of the i-layer. We have shown evidence from EL 
spectrum studies of p-i-n solar cells. There is no doubt that under double-injection conditions the 
measured photons are emitted from the 0.4-0.5 pm i-layer. We have measured the light-soaking 
effect on EL spectra in several groups of solar cells, and have shown the decrease of main-band 
and the increase of the defect-band luminescence (Chapter I). The results can be explained by an 
increase of deep states in the i-layer. Depending on the charge state of these deep states, they act 
as either non-radiative or mdiative recombination centers. The increase of the non-radiative 
centers quenches the main-band luminescence, while the increase of the radiative centers 
enhances the defec t-band luminescence. 

Furthermore, we cannot exclude the light-induced effects near the junctions. Most of the states 
near the junctions are deep states. They may directly or indirectly contribute to SWE. Since we 
konw that the EL effective el'ficiency at room temperature is proportional to the solar cell initial 
efficiency. And the EL efficiency is inversely proportional to'the defect density in both the i- 
layer and the interpaces, the interfiace contribution can be evaluated with the known bulk density 
of defects. 

2. How do the metastable changes of deep states correlate to the photodegradation of the 
solar cells? 

From section 1.3 we have learned that the EL spectra of the photodegradation effect give useful 
information about how those deep states are responsible for the degradation. In cooperation with 
Solarex we are attempting to further characterize the nature of such defects using EL 
spectroscopy to measure the energy distribution of defects and their photodegradation kinetics in 
a-Si:H solar cells made with and without H2-dilution. 

It has been found that the photoinduced degradation of solar cells with two types 'of defects, 
"fast" and "slow", which are present in a-Si:H made with pure silane. In contrast, a-Si:H made 
with H2-dilution appears to have predominantly the "fast" states only.[ 17,181 EL spectra of the 
photodegradation effect in both H2-diluted and non H2-diluted solar cells is being undertaken in 
the same group of solar cells made at Solarex. 

3. Whether or not the SWE related with non-relaxed states? 

It is the case that the SWE occurs under non-equilibrium conditions. However, the arguments 
still continue.[l9] One question is whether the defect relaxation takes place or not in a-Si:H,[19] 
the other is what is the origin of the SWE. E201 We have shown the defect relaxation did occur 
by optical-bias experiments. [21] We are atlempting to work out a model of SWE with the 
relaxation phenomena. 

II. Further effort 

Efforts will be continued to cooperate with team mcmbers, especially members from the PV 
industry to study the factors governing the SWE in a-Si:H solar cells. We will pay more 
attention to the EL measurements, which give more directly useful information to this subject, 
and to the NMR measurements, which give structu~~al information on the new hot-wire material. 
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