INTERNAL ELECTRIC FIELD PROFILE OF a-Si:H AND a-SiGe:H SOLAR CELLS
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ABSTRACT

By using the transient-null-current method, we have measured the internal clectric field
profiles Ej(x) near the p/i interface for two groups of solar cells: (a) a-Si:H p-i-n solar cells with
varied i-layer thicknesses, and (b) a-SiGe:H cells with varied Ge content. When using an
exponential function of Ej(x) to fit the experimental results, we obtained the field strength at the
p/i interface E,, the screening length L, and the density of defect states Ng in the i-layer. The
thinner the i-layer, the stronger the field strength obtained. For i-layer thickness increasing from
0.1 to 0.5 um, the field strength E, decreases from 1.15x105 to 2.0x104 V/ecm; L, decreases from
0.89 to 0.14 um; and Ngis 3-4x1016 (cm3eV)'!. For the a-SiGe:H cells, as the Ge content

increases from 40 to 55 %, E, increases from 9.3x104 to 1.2x105 V/cm. The correlation of the
internal clectric field parameters with the cell's performance is discussed.

INTRODUCTION

For high efficiency amorphous silicon solar cells, dual- or triple-junction tandem structures
are used.[1] The charge collection of the a-Si:H and a-SiGe:H cells are crucial for the short- and
long wave length performance, respectively. Since the charge collection process in a-Si:H based
solar cells depends upon field-assisted drift in the internal-clectric-ficld, the knowledge of the
clectric-field profile is important for device design. One needs to know how the electric field
distribution changes with i-layer thickness and the Ge content, and how this affects the V. and
the quantum cfficiency wavelength dependence. By using computer simulation, the relation of
the electric field distribution with Ve of a-Si based alloy p-i-n cells under steady state light
illumination has been studied by Hack et al. [2] and Fonish et al. [3]. The results show that the
electric ficld E(x) decays exponentially from the junction interfaces. The value and the decay
rates depend on the space charge density and the carrier’s mobility. Assuming the internal field
is screened by a constant midgap state, Ng, and neglecting the free carriers contribution, from the
Poisson equation one obtains the field distribution from the junction interfaces decays
exponentially. Here we consider the field decay from p/i interface as follows:

Ei(x) = E(]e"s" (D

where E, is the field strength at the p/i junction interface, and x is the distance from the interface
in the i layer. f is defined as

B=1/L =VqN Je @

where L, is the screening length, the electron charge g=1.6x10"19 coulomb, and the dielectric

constant £=10-12 F/cm. On the other hand, few experimental results have been published.[4-7]
Among them the transient-nuli-current method is an attractive technique because the
experimental knowledge of Ei(x) can be obtained in a real p-i-n cell structure. In this paper we
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present the experimental results of Ei(x) on a-Si:H and a-SiGe:H solar cells with varied i-layer
thickness and Ge content by using the transient null-current method. As in the previous works of
the null-current technique 1n a-Si solar cells, [4,7] the transient photocurrent jp generated by a
low-intensity pulsed laser was tuned to zero by the forward-bias voltages as

L
jpe e f [Ei (0 - VaQ)/Lle - 9Mx dx = 0 @)

where V(1) is the applied voltage at null-current condition as a function of wavelength 4, L is

the i-layer thickness, and a()) is the absorption coefficient. Inserting Eq. (1) into Eq. (3) one
obtains

L
f [(EgePY) — V(A L]e - 4Px dx = (). 4)

With a specific absorption coefficient c(A), one finds the fitting parameters to the experimental

data of V, (M) by solving the integral. Finally, the best-fit parameters Eq, Lo, and Ng will be
obtained, and these parameters are used to calculate the electric field near the p/i interface using
equation (1).

SAMPLE AND EXPERIMENT

Samples were made at Energy Conversion Devices (ECD) by plasma-enhanced CVD.
Several structures were studied 1.e. a-Si:H stainless-steel/n-i-p/ITO cells with varied i-layer
thickness, and a-SiGe:H ss/n-i-p/ITO cells with varied Ge content. The sample's parameters are
listed in Tables I and II, respectively. A pulsed N laser that pumped a dye laser in a wavelength
range of 380-640 nm was used for the photo excitation. Neutral density filters were used to
adjust the incident light flux. The pulse light was illuminated through the semi-transparent ITO

and wide-band gap p-layer on to the intrinsic layer. A 150 MHz pulse generator with 1x10-11
sec resolution was used to apply a positive voltage pulse V,. The measurements were made at
room temperature. The detailed experimental conditions can be found elsewherc. [4.7]

RESULTS

Dependence of the electric ficld profile on i-layer thickness

Table I. ss/n-i-p/TCO solar cell performance and the fitting parameters of Ej(x)

Sample i.-layer Vo Jse FF | Phmax Eo B Lo Ng
ID ‘h'&;‘)’“ V) [mafem?)|  fmWem?) || (Viem) | (umy ! | (um) | (cm3eV)-!
L1843 | 01 [0945[ 867 [070| 573 | 1.isx105] 12 | 089 | _
TL794 | 02 [0949| 1129 [066] 705 |532x10¢| 257 | 037 | _
[L795 | 04 [0947| 1323 [057] 711 | 27x10¢ | 800 | 013 | a%1016

LL793 | 05 [0947| 1325 [055] 693 | 2.0x10% | 700 | 0.1% | 3x1016

Figure 1(a) shows the applied voltage V,(A) as a function of the laser wavelength A for the
a-Si:H cells with varied i-layer thickness. The dashed lines are the fitting curves according to
Eq. (4) by using the E;(x) functions shown in Fig. 1(b). Ej(x) is only shown near the p/i interface
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since that is where it is most valid. One can see that V, decreases drastically when A > 475 nm in
0.1 and 0.2-pm-thin cells. We believe this is due to the hole transport evolving when the photo-
excited carriers were generated through the thin i-layer as discussed below. V, decreases
smoothly in 0.4 and 0.5-pum-thick cells. The best-fit parameters are listed in Table I. The density
of the midgap states Ny is calculated according to Eq. (2). The values of Nq in thin cells can not
be simply deduced from Eq. (2), because of the strong influence on E;(x) from the n/i junction.
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Fig. 2 (a) the cell performance and (b) the internal field parameters as a function
of the i-layer thickness.

In Figure 2(a), we plot the cell performance as a function of the i-layer thickness. One can
see that V¢ almost does not depend on the i-layer thickness L, but the short-circuit current Jg.
increases with increasing L. The overall performance P,y increases first and then is saturated
when L = 0.2 um, because the combination of the increasing of J. and the decreasing of the fill
factor FF. Figure 2(b) shows the internal electric field parameters as a function of the i-layer
thickness L. Both E, and L, decrease with increasing L. Interestingly, Voc does not depend on
the internal field distribution, no matter how much the internal field distribution (E, and L)
changes with the i-layer thickness.

The electric field profile of a-SiGe:H solar cells with varied Ge content

An increased Ge ratio will reduce the band gap of a-SiGe:H materials. We studied the
electric field profile of 0.15-wm-thin a-SiGe:H ss/n-i-p/Tco cells with different Ge contents.

Figure 3(a) plots the measured Vy vs. A. One can see again that V, decreases quickly when A >
500 nm in the 0.15-pum-thin cells. We simulated the data for wavelengths less than 500 nm by
using the functions in Fig. 3(b). The fits to the data are shown in Fig. 3(a) as the dashed lines.
The cell performance, the fitting parameters of Ej(x) and the deduced defect density Ny are listed
in Table II. We can see that the electric field is stronger for the cell with less Ge content. This is
because of a larger optical gap and less defects in the a-SiGe:H i-layer with less Ge content. [8]
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Fig. 3 (a) Va vs. A for the 0.15 um a-SiGe cells with varied Ge content. The
dotted lines are the fits to the data by using the Ej(x) functions in (b).
Table I1. ss/n-i-p/TCO solar cell performance and the fitting parameters of Ej(x)
Sample| ~ . \Y Jsc E L Ng
Ge:Si o¢ FF | Pmax ° B 0
ID V) kmA/cm?2) (Vicm) (um)”! (um) (cm3eV)-1
L1 [55:45] 0.574 1483 10540 4.60 | g 31104 | 9-886 0.10 9.7x1016
L2 [50:50] 0.673 13.60  [0.556 [ 5.09 [ 1 o6x105 | 1202 0.083 1.4x10!7
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Fig. 4 (a) The cell performance and (b) the internal field parameters as a function
of the Ge content in the a-Si-Ge i-layer.

Figure 4 (a) shows the cell performance as a function of the Ge content in the a-Si-Ge:H
layer. One can see that V., FF and Py« decrease but Jg¢ increases with increasing Ge content.
Figure 4(b) shows the internal field parameters E, Lo and Ng as a function of the Ge content.
Although the values for L, and Ny displayed in figure 4(b) are slightly different for different
samples, they are the same within the uncertainty of the fitting technique - one should consider
the Ny values only as an order of magnitude estimate of the defect density. That is because we
were only able to use four data points in the fit for each sample, excluding the long-wavelength
data as discussed below.

SUMMARY AND DISCUSSIONS

The null-current method was developed to measure the internal electric field profile for
amorphous silicon-based Schottky diode in which only electron transport contributes to the
transient photocurrent.[4] The above results testify that the null-current method is also a useful
technique to measure the internal electric field profile for a-Si:H p-i-n structures in which both
electron and hole transport are involved. The assumption of electron transport domination, and a

single exponential function of the internal field, Ej(x) = EgePx, are valid in a certain wavelength
for regions in the sample close to the p/i interface but far from the n/i interface. The assumption
of constant defect density is also reasonable near the p/i interface. Therefore, the present
technique is available to study the electric field profile in the vicinity of the p/i interface for both
p-i-n or n-i-p structures. This region indeed is crucial for solar cell performance. The results of
the Ej(x) profiles are qualitatively consistent with computer simulations.[2,3]

We have studied two groups of solar cells: (a) a-Si:H p-i-n solar cells with varied i-layer
thicknesses, and (b) a-SiGe:H cells with varied Ge content. When using an exponential function

Ei(x)=EOe‘BX to fit the experimental results, we obtained the field strength at the p/i interface E,,
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the screening length Lo, and the density of defect states Ng in the i-layer. From the group (a)
samples, our results indicate that for the same quality materials, the thinner the i-layer, the
stronger the electric ficld strength obtained. Whereas Vo, does not change with the i-layer
thickness, the internal field profile changes. Both theoretical and experimental studies of the
open-circuit voltage, V, of a-Si solar cells have found that the value of V. not only depends on
the Fermi-level difference of the n- and p-layers, but also on the quality of the p/i interface as
well as the i-layer.[9] Especially, Vo in some devices is dominated by carrier recombination at
the p/i junction.[9] The demonstration of an independent value of V. on the field profile
implies high-quality p/i interfaces in this group of cells. And then both the built-in potential Ey;
and the Vo depend on the Fermi-level difference of the n- and p-layers. An increase in the
i-layer thickness results in an increase of ¢ but a decrease of FF. The latter is due to the thicker
the i-layer the lower the field strength, consequently the less charge collection. Since the critical
electric field strength is & = kT/qLy, for the minority carrier diffusion length Lp= 025 pm, &cis
of the order of 103 V/em.[2] As shown in Fig. 1(b), Ej(x) > 103 V/cm when L < 4000 A which
is in agreement with the device design for high performance solar cells. For the group (b)
a-SiGe:H cells, the electric field is stronger for the cell with less Ge content. This is because of a
larger optical gap in the a-SiGe:H i-layer with less Ge content. [8] One can compare the
experimental results of the internal electric field profile with the cell performance as shown in
figs. (2) and (4), and then deduce uscful information for the device design.

We tend to explain qualitatively the hole limitation as follows. The applied voltage, V,, is
proportional to the peak value of the transient photocurrent j,e which corresponds to the
collected photocarrier density per second by the internal field Ei(x). The photogenerated holes
will drift toward the p-side, and the clectrons toward the n-side in the internal electric field Ei(x).
When the short wavelength light illuminates from the p-side, the e-h pairs are gencrated near the
p/i interface due to the shallow absorption depth. The holes will be swiped out through the thin
p-layer quickly and the electrons drift oppositely through the i-layer. Since the clectron mobility
is ten times larger than the hole's, they quickly move through the i-layer. As the wavelength
increases, the e-h pairs are generated through the i-layer and then the hole-limitation cffect
becomes more and more important. When e-h pairs are gencrated near the n/i interface, the holes
must travel through the i-layer with a low mobility that becomes the limitation factor for the
photocurrent jpc. However, the above argument can not explain why the thin cells exhibit a
decrease of V, at shorter wavelengths. There must be an interface-related reason such as trapped
holes near the n/i interface that result in a barrier which depresses the carrier transport.
Therefore, one obtains a drastic decrease of V; when A > 500 nm as shown in Figs. 1(a) and 3(a)
in 0.1 - 0.2 um thin cells.
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