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ABSTRACT

Common buffer materials used with CuInGaSe2 (CIGS) absorbers produce conduction-band barriers that may significantly distort the current-voltage curves, especially when short-wavelength photons are excluded from the illumination spectrum.  Earlier work documented this effect for CuInSe2 (CIS) absorbers (band gap near 1.0 eV) with CdS buffers.  Higher band-gap (~1.15 eV) CIGS absorbers show little or no distortion with CdS buffer layers.  However, wider band-gap (lower electron affinity) ZnS(O,OH) or InS(O,OH) buffers, prepared by chemical-bath deposition, clearly show the J-V distortion.  The distortions have a turn-on time constant the order of a minute and turn-off time constant the order of a day, and they correlate with major variations in apparent quantum efficiency measured with varying intensity and spectral content of bias light.  The results are consistent with a conduction-band spike barrier that increases with buffer band gap and is larger when the electron concentration in the buffer is small.

Introduction
The efficiency of the CuInGaSe2 (CIGS) thin-film solar cells has progressively improved over the recent years and has now reached 19.3% [1] with a CdS buffer and 18.6% [2] with ZnS(O,OH).  Exploration of the mechanisms that limit the efficiency has been an invaluable tactic for improving cell properties.  One loss mechanism that primarily affects a cell’s fill factor is a current-inhibiting secondary barrier in the energy bands.  Previous work [3,4] suggested that a positive conduction-band offset between compensated CdS, most commonly used as a buffer layer, and the CuInSe2 (CIS) absorber, is responsible for fill-factor-limiting distortions in the illuminated cell’s current-voltage (J-V) curves.  This effect was especially strong when high-energy photons were taken out from the spectrum, and hence was referred to as the “red kink” effect.  In the work reported here, the data set consisting of dark, red-light, white-light J-V, and quantum efficiency (QE) at various light biases, is extended to higher band-gap CIGS absorbers and to alternative buffer layers.  The work is also extended to examine time constants related to the distortions and their temperature dependence.  

Band-diagram Model

For the CdS/CIS diode, and for modest Ga-concentration CdS/CIGS, the conduction-band offset (Ec) between CdS and the CIS (or CIGS) absorber is positive (determined from XPS [5], and theory [6]).  The dashed line in Fig. 1 shows the conduction-band minimum at thermal equilibrium (zero bias and no illumination) for an n+-ZnO/i-ZnO/buffer/CIGS structure, where “buffer” refers to CdS or related material.  The positive offset between buffer and absorber, often referred to as a “spike”, forms a secondary barrier that may inhibit electron transport, especially when the cell is in forward bias.  In many cases, n-type window layers such as CdS have a significant concentration of acceptor traps and are therefore heavily compensated.  In general, acceptor traps will have a much smaller electron-capture cross-section when neutral than hole-capture cross-section when negatively ionized.  This asymmetry leads to the phenomenon of photo-doping, in which electron-hole pairs that are photogenerated in the window push the acceptor traps towards neutrality, and hence the buffer layer towards a more positive charge [3,4].  The effect on the band diagram (solid line in Fig. 1) is a downward shift in the conduction band and a reduced barrier to electron transport.  The white-light performance, however, may be degraded by large spikes of ≥ 0.4 eV [7,8].

Experimental
In this work, solar cells with similar CIGS absorbers (Eg = 1.12 - 1.15 eV) and four different buffer types were examined.  The absorbers were deposited at the U.S. National Renewable Energy Lab (NREL) [9] by what is termed the three-stage process and in some cases at the Institute of Physical Electronics (IPE), Universität Stuttgart, Germany [10].   The Ga/III ratio in all absorbers was ~ 0.3, and the Cu/III ratio ~ 0.9.  The first type of buffer layers, CdS (50 nm), was deposited onto the absorber in a chemical bath (CBD) [11] at NREL.  The second type, ZnS(O,OH) buffers (~100 nm) [12], was deposited at Aoyama Gakuin University (AGU), Japan.  The third buffer type, InS(O,OH) (~20 nm) [13], was deposited at IPE.   An additional thin CdS [14] layer was deposited on top of the InS(O,OH) at IPE in a few cases  to create the fourth alternative.  To complete the cells, a 50-nm i-ZnO layer and 500-nm n+-ZnO:Al layer were deposited by magnetron RF-sputtering, and Ni/Al grids were added for the four cell types.  Additional InS(O,OH)/CdS cells were finished with a double or no i-ZnO layer. 

Current density versus voltage (J-V) measurements were performed at room temperature as well as several other temperatures in the dark and under light from a solar simulator (Solar Light Co., model XPS 400).   A filter with transmittance of ~ 90 % for  ≥ 600 nm and ~ 0 % below this wavelength was used for “red-light” J-V measurements.  Reduced light intensities (0.1 and 0.01 sun) were achieved with neutral density filters.  Monochromatic light for quantum efficiency measurements was produced with an Acton Research Corp. monochrometer.

RESULTS

Current-Voltage Measurements

Current-voltage (J-V) measurements under dark and white-light conditions for the best cell of each buffer type are shown in Fig. 2.  All of the cells had similar short-circuit current densities (Jsc) and open-circuit voltages (Voc).  Even with white light, however, there was a significant difference in the shape of the illuminated curves, and hence the fill factors.  The cells with CdS showed very good light/dark superposition and had the highest fill-factor.  The three alternative-buffer cells showed varying degrees of non-superposition, often referred to as “crossover”.  One of them had a distinct kink and the other two a mild version of the kink.  The kink-related fill-factor reduction for InS(O,OH)/CdS cells with thicker i-ZnO (not shown) was higher still.

Figure 4 shows the dark, red-light, and white-light J-V for each buffer from Fig. 2.  All three curves from the CdS cell were well behaved.    The slight kink in the white-light curves of the three alternative-buffer cells was much more pronounced in the red.  The red kink was progressively stronger from zinc- to indium- to indium/cadmium sulfide buffers.  Measurements performed at lower illumination intensities (10 and 100 times less than shown in Fig. 4) exhibited similar red/white differences.  When the kink is moderate, it affects only the cell’s fill factor (ZnS).  However, with stronger kinks Voc is also reduced (InS), and for severe kink case ultimately Jsc is reduced to near zero (InS/CdS).  

Quantum Efficiency

Quantum efficiency (QE) plots for the four buffer types are shown in Fig. 5a with little or no bias light.  The band gaps of the absorbers determined from these curves were all between 1.12 and 1.15 eV.  The reduction between 400 and 500 nm in the CdS QE curve contrasts with high response of the indium- and zinc-sulfide-buffer cells in the same region.   The InS/CdS curve has a sharp peak between the ZnO band-gap (3.2 eV) and the expected InS(O,OH) band gap (2.8 eV), but its QE is very small for the higher wavelength values.  The small high-wavelength response is consistent with Fig. 4(d), where the red light generates essentially no photocurrent at V = 0.  Fig. 5b shows the QE of a similar cell at various light-bias conditions.  The QE after very small white-light exposure has the same peak in the blue and low response at longer wavelengths.  A slightly larger amount of white bias light brought the red QE up to ~ 50%, and blue bias light of the same photon flux restored most of the red-photon collection.

Transition rates

Figure 6a shows the initial red-light (maximum-kink) J-V as well as a series of white-light J-V measurements as a function of white-light exposure time for a cell with the InS(O,OH) buffer.  Most of the change in the J-V occurred within the first minute of the cell’s exposure to the light with photons having h ≥ Eg buffer.  During the subsequent white-light exposure, the residue of the kink disappeared from the J-V, restoring the fill factor.  For the reverse process with no white-light exposure, a series of red-light J-V curves (Fig. 6b) was measured as a function of time.  Without the high-energy photons, the fill factor falls with time, and the exponential turn-up of the “dark” part of the curve shifts to progressively higher forward voltage.  The curve took several days to return to the initial shape with the strongest kink.  The ratio of “half-times” to transition half-way from white to red, vs. red to white, was ~ 0.4 x 104 for this cell, and ~ 1.0 x 104 for a ZnS(O,OH) cell.

Figure 7 shows the voltage-shifts in the J-V power quadrant from Fig. 6 as a function of time, with constant current of half Jsc.  Fig. 7a shows the voltage increase with white-light exposure, where both the rate and the amount of recovery was higher with higher light intensity, Fig. 7b shows the voltage relaxation after the white light was removed (note the different time scale).  Table 1 summarizes the characteristic times for both variable-intensity light exposure and relaxation for the cells with the In- and Zn-based buffers.  The slower voltage increase with white-light exposure of the ZnS(O,OH) cell may be due to its higher Eg, and hence smaller photon flux absorbed in the buffer.  The slower voltage decrease during the relaxation indicates less frequent electron capture in the buffer.

 J-V-T

The traditional strategy for measuring the J-V temperature dependence (J-V-T) is to measure both illuminated (with full spectrum of photons) and dark J-V at each temperature in one temperature cycle.  The light-exposure results above, however, show that such a measurement will likely mix temperature effects and photo-induced changes.  Fig. 8 shows J-V-T data for a CdS cell from two temperature cycles: the first one without white-light exposure (8a), and the second one with continuous full-spectrum exposure, excluding the brief times for dark J-V measurements (8b).  Fig. 8b shows a very well-behaved voltage increase with decreasing temperature for the CdS/CIGS cell and nearly ideal dark/light superposition.  The same was true for the higher temperatures in Fig. 8a, consistent with Fig. 4a.  The red kink distortion, however, appeared in a modest form at lower temperatures even with the CdS buffer.  

DISCUSSION


The results presented are all consistent with the CIGS conduction-band diagram proposed in Fig. 1 where an excessive spike will limit electron current and lead to a distortion, or kink-behavior, in the current-voltage curve similar to that previously observed in the CdS/CIS system.   As seen in Fig. 9, the buffer-layer spike is relatively small when CdS is used with typical band gap of 1.15 eV.  The use of an alternative buffer with larger band gap improves cell’s “blue” photocurrent, but also raises the barrier, which can impede electron transport and likely produce a J-V distortion.  

The magnitude of the J-V distortion is seen to vary with several factors in addition to the choice of window material.  Most dramatic is the transition from a relatively normal J-V curve to a large distortion when short-wavelength photons are filtered out.  The restoration of acceptable J-V behavior occurs with exposure to white light, though the characteristic time and the completeness of the restoration varies with the intensity of the short-wavelength photons present in the illumination.  The magnitude of the distortions is seen to be greater at low temperatures where fewer electrons have sufficient thermal energy to pass over the buffer barrier.  One would also expect that the distortion would also be reduced with a thinner or a less compensated buffer layer or an adjacent window, such as intrinsic ZnO.  

CONCLUSIONS 

The conduction-band offset model for distortions in the current-voltage curves has been extended to the offsets found between CIGS, deposited by the technique that yielded the highest efficiency thin-film cells, and ZnS(O,H) or InS(O,H) windows.  As with the CdS/CIS system, a large positive (spike) offset may lower the fill-factor and produce a kink-shaped curve.  Although the kink is reduced or eliminated in many cases due to window photoconductivity at short wavelengths, there is a basic constraint limiting the size of the spike to about 0.4 eV [7,8] at room temperature if it is not to degrade the cell performance.
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Figures:

Figure 1.  Conduction-band minimum of the n+-ZnO/i-ZnO/buffer/CIGS structure when the buffer material is compensated (dashed line) and n-doped due to light absorption (solid line)

Figure 2.  Dark and white-light J-V curves for 1.12 - 1.15 eV CIGS cells with variable buffers

Figure 3.  a) Illumination spectra, full and without high energy photons; high-pass filter transmittance; b) Dark-Red-White J-V curves from an InS(O,OH)/CIGS cell

Figure 4.  Dark, red-light and white-light current-voltage graphs for cells with 1.12 - 1.15 eV CIGS absorber and variable buffers

Figure 5.  a) QE of cells with a moderate or no kink and a cell with a severe kink; 

b) Improved QE of a severe-kink cell with small bias light

Figure 6.  a) Disappearance of the red kink for an InS(O,OH) cell with white-light exposure; b) Return of the kink in the dark

Figure 7.  Characteristic voltage of the InS(O,OH) cell with a) various white-light exposure intensities; b) relaxation

Figure 8.  a) J-V-T of a CdS/CIGS cell before white-light exposure; b) after exposure

Figure 9.  Band diagrams of two diodes: CdS/CIGS (solid) with reduced Ec, alternative buffer/CIGS (dash-dot-dot) with large Ec 
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Figure 2.
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Figure 8.


Figure 9.

Table 1.  White-light exposure and relaxation times for two alternative-buffer cells

	Light intensity [sun]
	50% change in distortion

	
	InS(O,OH)
	ZnS(O,OH)

	1
	10 s
	1 min

	0.1
	1 min
	4 min

	0.01
	6 min
	not done

	<10-3
	5 hr
	not done

	Zero (relaxation)
	10 hr
	8 days
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