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ABSTRACT

CuIn1‑xGax(Se1‑ySy)2 and Cd1‑xZnxTe thin film alloys are being developed for use in wide bandgap cells to be incorporated into high performance tandem solar cells. For CuIn1‑xGax(Se1‑ySy)2, films the relative Cu-flux during deposition is critical to controlling the Se and S incorporation. A bi-layer process has been developed which results in a graded composition and gives improved device performance, primarily due to higher FF attributed to improved current collection. Cd1‑xZnxTe-based cells are fabricated with absorber layers deposited by vapor transport deposition at 550ºC with composition 0 ≤ x ≤ 0.6. Processes have been developed to fabricate devices which retain the composition of the deposited absorbers and have JSC limited primarily by the window layer optics. 

1. Objectives

This paper presents results obtained in the second phase of the High Performance Photovoltaic Project. The objective is to develop approaches for a transparent, wide bandgap cell for use in a thin film tandem polycrystalline solar cell. Specific goals are to demonstrate potential for 15% efficiency using CuIn1‑xGax(Se1‑ySy)2 and Cd1‑xZnxTe alloys with Eg ≤ 1.8 eV and with transparent contacts. Efficiency of the wide bandgap cell is a critical issue for achieving higher efficiency by using tandem structures in thin film solar cells and modules as targeted in the Solar Program Multi‑Year Technical Plan.

2. Technical Approach

The program contains two tasks on I‑III‑VI2 and II‑VI alloy materials, respectively, in which the approach is to develop deposition processes to provide control over the composition and film growth parameters. One task focuses on Cu(InGa)(SeS)2 films deposited by elemental evaporation, exploring methods to increase cell performance by incorporating optimized growth sequences, absorber compositional gradients for improved current collection, and modified junction and contact materials. In the second task, vapor transport deposition (VTD) of Cd1‑xZnxTe has been developed to give composition control over the range 0 ≤ x ≤ 0.6. Post‑deposition processing with ZnCl2 allows sufficient control of film properties to allow devices to be made with JSC limited primarily by window layer optics. 

3. Results and Accomplishments

A. Cu(InGa)(SeS)2 ‑ based Solar Cells

Cu(InGa)(SeS)2 films are deposited using a five source elemental evaporation system designed to enable independent control of all fluxes, despite large difference in evaporation temperatures, and to withstand the corrosive effects of S vapor1. Using a simple single-layer process with constant fluxes throughout the deposition, the incorporation of S and Se is dependent on the relative Cu content during film growth2. With Cu/(In+Ga) > 1 the films preferentially incorporate S relative to the vapor flux and with Cu/(In+Ga) < 1 they incorporate more Se. Solar cell behavior also depends on whether the absorber films were grown Cu‑poor or Cu‑rich (which requires a post-deposition KCN etch). The highest VOC is obtained with Cu‑poor films but these have lower JSC and FF attributed to poor minority carrier current collection3.

A bi‑layer evaporation process has been developed in which a Cu‑rich Cu(InGa)(SeS)2 layer deposition for 45 min. is followed by an In‑Ga‑S‑Se layer deposition for 15 min. to form Cu(InGa)(SeS)2 films with surface Cu/(In+Ga) ≈ 0.9. The substrate temperature is 550°C for the entire deposition. This process results in through‑film compositional gradients, as measured by Auger electron spectroscopy, with a Se‑rich top layer and a S‑rich bottom layer formed by the successive Cu‑rich and then Cu‑poor deposition.

A consequence of the compositional gradient is that Eg is not uniform through the film thickness. The most relevant measure of Eg in this case is the long wavelength edge of the QE. In Fig. 1 the QE is compared for solar cells with single and bi‑layer deposited Cu(InGa)(SeS)2 which had similar compositions measured by EDS over the top ~ 1 µm, with S/(Se+S) ≈ 0.4 and Ga/(In+Ga) ≈ 0.6. This corresponds to Eg = 1.6 eV. These are also compared to a CuInS2 cell with Eg = 1.53 eV and a steep edge in the QE. The more graded QE edge for the bi‑layer Cu(InGa)(SeS)2 gives Eg ≈ 1.5 eV while the single-layer process gives Eg ≈ 1.6 eV. 
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Fig. 1. QE curves for devices with single and bi‑layer deposited Cu(InGa)(SeS)2 and CuInS2.

Table 1 lists the J‑V parameters (with an MgF2 anti‑reflection layer) using the single and bi‑layer Cu(InGa)(SeS)2 absorbers in Fig. 1, and the best cell with Eg ≥ 1.5 eV reported previously3. The bi‑layer process in particular gives significantly improved FF. There is little voltage bias dependence in the QE which indicates improved minority carrier collection. 

Table 1. J‑V parameters of Cu(InGa)(SeS)2 cells using single and bi‑layer evaporation processes.

	Material
	Eg*

(eV)
	Eff.

(%)
	VOC

(V)
	JSC
(mA/cm2)
	FF

(%)

	Cu(InGa)Se2
single‑layer
	1.53
	10.9
	0.83
	20.4
	64.5

	Cu(InGa)(SeS)2
bi‑layer
	1.5*
	11.9
	0.77
	20.6
	75.3

	Cu(InGa)(SeS)2
single‑layer
	1.6*
	11.1
	0.82
	18.6
	72.2



* Eg estiimated from QE.

B. Cd1‑xZnxTe ‑ based Solar Cells
Solar cells with VTD Cd1‑xZnxTe absorber layers were fabricated on commercially available TEC‑15 glass/SnO2 coated with a Ga2O3 buffer layer and CdS or Cd1‑xZnxS films. Growth of compositionally uniform Cd1‑xZnxTe films by VTD at 550ºC over the composition range 0 ≤ x ≤ 0.6 has been facilitated by adjusting the exposed surface area of ZnTe and CdTe crystallites in the VTD source. As CdTe is replaced with ZnTe, the growth rate decreases and x increases (Fig. 2). The end‑points correspond to values expected by considering the equilibrium saturation pressures for CdTe and ZnTe. Deviation from linear behavior is primarily due to the sensitivity of source effusion flux to the different CdTe and ZnTe saturation pressures.

Device fabrication is carried out analogous to that used for CdTe/CdS thin film solar cells but with post-deposition treatments carried out in ZnCl2 vapor to obtain photoactive devices. The primary technical challenge for the fabrication of high efficiency Cd1‑xZnxTe solar cells has been current collection in devices with x > 0.05 and Eg > 1.55 eV, which was limited by recombination at the interface4. This problem has been overcome by: 1) using absorber layers deposited at high temperature; 2) eliminating oxygen from processing; and 3) pre‑treating the CdS films. Cells with x up to 0.27 (Eg ~ 1.65 eV) were fabricated with JSC > 20 mA/cm2 limited primarily by window layer losses. The fabrication process consisted of Cd1‑xZnxTe deposition at 550ºC by VTD at > 5 m/min equivalent growth rate followed by an anneal at 600ºC in 4 vol% H2/Ar for 10 min then treatment in ZnCl2/Ar vapor at 400ºC for 10 min. The back surface was prepared by etching in 20 vol% HCl to remove residual ZnO then sequential etching in Br2:CH3OH, K2Cr2O7:H2O, and N2H4:H2O to form a Te layer. Contact was formed by application of Cu/Ni through a mask. The best cell results are listed in Table 2. QE measurements confirm that the as‑deposited bandgap is retained in these devices.

The development of tandem solar cells requires high optical transparency in the sub‑bandgap portion of the spectrum. CdTe/CdS cells with transparent contacts having comparable efficiency to those with opaque contacts have been demonstrated (Table 3). It is expected that the contact processes can be directly transferred to cells with Cd1‑xZnxTe absorbers.
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Fig. 2. VTD Cd1‑xZnxTe growth rate and composition versus ZnTe area exposed within source ampoule at Tsource = 850ºC and Tsubstrate = 550ºC.

Table 2. Best Cd1‑xZnxTe/CdS cell results for different relative Zn concentrations.

	x

(EDS)
	Halide
	Eg

(eV)
	VOC
(V)
	JSC
(mA/cm2)
	FF

(%)
	Eff

(%)

	0
	CdCl2
	1.50
	0.84
	24.4
	65
	13.3

	0
	ZnCl2
	1.50
	0.75
	23.0
	62
	10.5

	0.05
	ZnCl2
	1.53
	0.78
	24.4
	65
	12.4

	0.10
	ZnCl2
	1.56
	0.75
	23.0
	49
	8.5

	0.27
	ZnCl2
	1.66
	0.78
	20.8
	54
	8.7

	0.60
	ZnCl2
	1.90
	0.41
	1.6
	32
	0.2


Table 3. Transparent CdTe/CdS cell results.

	Contact
	T/(1‑R)*
	VOC
(V)
	JSC
(mA/cm2)
	FF

(%)
	Eff

(%)

	2 nm Cu/ITO
	0.65
	0.79
	23
	64
	11

	50 nm ZnTe:Cu/ITO
	0.40
	0.82
	23
	68
	13

	15 nm Cu/Ni
	0
	0.84
	24
	65
	13



* T/(1‑R) measured at 850 nm.
4. Conclusions

Critical processing issues for the controlled composition of Cu(InGa)(SeS)2 and Cd1‑xZnxTe films have been addressed Controlling interfacial chemistry in Cd1‑xZnxTe/CdS structures is critical to controlling device properties; it is necessary to reduce the thermodynamic driving force for interface diffusion and reactions. Deposition and post‑deposition process modifications have resulted in cells with moderate efficiency for compositions 0 ≤ x ≤ 0.6. 
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