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This progress report covers the first quarter of Phase 1 for the period December 9, 2003 through March 8, 2004 of the above referenced Phase IB High Performance PV contract.  In this report we shall highlight activities related to sputtered top cell materials (Task 1), TCOs and recombination junctions (Task 2) and nonideal interconnect modeling (Task 3).  (The continuation of HgCdTe studies for bottom cell applications (Task 4) has been shifted to Year 2 of this contract.)

Short-time chloride treatments of sputtered alloy films (Task 1)

In previous studies we have shown that magnetron sputtering can be used to deposit high quality alloy films of almost any composition of the materials CdZnTe, CdMnTe, and HgCdTe.  However, we also found considerable difficulties with the use of postdeposition chloride processing that works so well with the binary material CdTe to produce good minority carrier lifetimes and high PV performance.  During this first quarter of this contract, we have adopted a somewhat different approach to the postdeposition activation treatment, namely to shorten the time during which the film is exposed to high temperature and high chlorine partial pressures.  Although we have not used a rapid thermal processing oven, we have taken steps toward shortening the chlorine vapor treatment processing time.  

Our system uses a standard tube furnace with a heat-up time of approximately 20 minutes with the atmosphere controlled.  In contrast with our earlier studies, we have shortened the time at “temperature” from the previous 30 minutes to 2 minutes.  In previous work in which the usual annealing condition was at 380oC for 30mins, the band gap always shifted toward the 1.5eV band gap of pure CdTe.  Fig.1 shows near IR transmission of samples annealed at 390oC for 2 min. and 30 min. in CdCl2 ambient.  The transmission edge of the Cd87Mn13Te sample annealed for 2 min. did not change and the band gap remained the same as before annealing.  By contrast the transmission of the sample annealed for 30 min. decreased and the band gap shifted almost to 1.5eV.  It should be noted that in both cases the samples were placed face down 1mm above a microscope slide coated with CdCl​2 by evaporating several drops of a saturated solution of CdCl2 in methanol. 

Although the performance of cells fabricated using this postdeposition chloride treatment was improved over that of cells with no treatment, the currents and voltages were still very low.  This effort is being pursued further.
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Fig. 1.  Absorption coefficients of  CdMnTe samples annealed at a) 390oC 2mins and b) 30mins.

Electron transport through a tunnel (recombination) junction with defects (Task 3)

We have demonstrated, in our final report for the UT contract in the High Performance PV-Phase I program, the operation of a two-terminal tandem cell with a CdTe top cell and a HgCdTe bottom cell with an interconnect junction composed of ZnTe:N and ZnO:Al.  Although the device current was limited by the bottom cell, the device did show voltage addition of the two junctions and little apparent limitation from the interconnect junction.  For this junction the ZnO was heavily doped but the ZnTe:N was doped in the low 1018 cm-3 range, far below the doping density needed for a true tunnel junction.  We believe that defects are extremely important for the operation of this interconnect junction (and probably all other polycrystalline thin film and amorphous thin film interconnect junctions).


Fig. 2. Schematic band diagram of a tandem cell

For the case of polycrystalline and amorphous devices, there are defects in the tunnel junction region of a tandem cell; the corresponding defect levels should be added to a generic band diagram of Fig. 2. In general, defect states improve the junction transparency by providing pathways for electron hopping.  A related negative effect is that since the pathways are statistically different, there will be lateral variations in the barrier transparency. If significant, such variations can entail lateral currents and thus loss in efficiency. In particular, lateral currents will flow towards abnormally transparent regions (commonly called ‘pinholes’ in related problems of tunneling through semiconductor structures [1,2]). Such regions originate from pathways (chains) containing large number of defects as illustrated in Fig. 3. The pinholes can be separated by macroscopically large distances and yet be responsible for the transport. 


Fig. 3. Defect assisted electron tunneling through tunnel junction. Currents through the pinholes are shown in the right side of the diagram by arrows; some regions (dashed) do not have pinholes.
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, as shown in Fig. 4. Hopping between localized states may involve activation by energy . Assuming that the electron travels distance l in N steps the average length of one step is 
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Consider N defects in a chain located close to an imaginary straight line across the barrier. The chain is characterized by its average inter-defect distance l1, the characteristic dispersion in the defect positions l, and the dispersion in defect energy .  In what follows we estimate the probability (per time) for the electron to overcome the barrier by hopping in the chain. The corresponding partial contribution to the electric current will be proportional to the latter probability times the probability of finding a chain possessing a given set of parameters. 

The shorter is the inter-defect distance in the chain, the higher is the hopping rate. However, chains with very short inter-defect distances are unlikely and have relatively small concentration. To the contrary, the typical chains, while having the highest partial concentration, are not good for hopping for they have fewer defects and much lower hopping rates. In what follows we will determine the optimum chain parameters that combine relatively high probability of hopping with not a very small chain concentration. 


Fig. 4. Sketch of electron hopping with activation through a triangular barrier.

Consider first the probability of hopping in a given chain. The most difficult inter-center transitions occurs across the distance l1 +2l with the probability of
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where a is the radius of the charge carrier wave function localized at the defect. As is seen from Eq. (2), the larger is the number N of defects in the chain, the exponentially higher is the probability of hopping.


The probability of finding an N-defect chain can be estimated as 
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(3)

where g is the defect density of states (number of states per volume per energy) that is taken to be a constant. This probability exponentially decreases with the number of defects in the chain.


The partial current supplied by N-defect chains is proportional to the product of the above two probabilities and has the form
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where j0 is a constant of the order of q, where ~1013 s-1 is the characteristic phonon frequency and q is the electron charge. The integral current through the barrier is determined by the optimum chains, which deliver a maximum to the latter exponent. Optimizing that exponent with respect to the variables , N, l gives the optimum current and the corresponding optimum chain (pinhole) parameters
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It follows from the latter result that there is a crossover temperature
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such that at T>>T0 the tunneling plays almost no role and the barrier is overcome by activation, while at T<<T0 the tunneling in defect chains is important and 
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The concentration of optimum chains can be estimated by dividing the sample area into a set of small pieces of the diameter lopt each and noting that such a piece contains the optimum chain end with the probability of exp(-LNopt). Hence, the concentration of optimum chains per area is
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If the sample area is considerably larger than 1/nopt, then it contains the optimum chain with the probability equal to 1.  There will be almost no variability between the parameters of such ‘large’ samples: the optimum chains dominate all of them. On the other hand, if the sample area is smaller than or comparable to 1/nopt, the optimum chain is not necessarily present. The most effective chain (pinhole) found in the sample determines its transversal conductivity then. Because the most effective non-optimum chains are different for different samples, there will be a considerable variability in the sample properties. Hence, 
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(9)

plays the role of the crossover area, deciding between the regimes when the fluctuations between sample parameters are large or small.

As a rough guide numerical estimate we put the typical tunnel junction field F=105 eV/cm, V0=0.5 eV, a=2*10-7 cm, and g=1017 cm-3 eV-1, the latter density of states corresponding to typical values in the middle of the mobility gap of a non-crystalline semiconductor. This gives T0~10000K, L~5, and Nopt~3. 

Substituting the latter estimates in Eq. (9) gives the crossover area A~10-4 cm2 and the characteristic distance between pinholes d~0.1 mm, which dimensions are macroscopically large and yet much smaller than the typical cell size. Samples of actual size of ~1 cm2 contain many pinholes and thus the presence of tunnel junction cannot be a cause of noticeable differences between the samples. We can also conclude based on the above estimates that typical working conditions fall into the low temperature region where temperature activation plays almost no role and tunneling is temperature independent and remains the major mechanism of current transport trough the junction. From Eq. (5) one can estimate the maximum current through one pinhole as approximately 1 mA. Multiplying it by the above estimated pinhole concentration of  104 cm-2 gives the maximum current allowed by the tunnel junction ~ 100 A/cm2. This means that the junctions in use cannot limit the current flow generated in the absorber layers of the device. 

Power losses due to lateral current flow to the above-described pinholes are yet to be estimated. This work is in progress, to be reported later.

High resistivity transparent layers (Task 2)

Deposition of high resistance transparent (HRT) films at low temperatures is especially important for tandem device structures.  The HRT can facilitate the use of thinner CdS layers (or other heterojunction partner layer) in the top cell to improve the blue response.  In addition, the HRT layer can be instrumental in isolating weak diodes in thin-film devices.3   We have been pursuing HRT deposition using reactive sputtering of ZnO:Al from ceramic targets (ZnO/Al2O3 – 2%) and then adding O2 into the argon sputter gas.  Oxygen additions from 0.03% to 5% allow the sheet resistance to be varied from 100 kΩ/□ to 18 MΩ/□.   Arrangements are being made to reduce the O2 fraction to control the resistance at lower values and to incorporate these films into our cell structures.


Concurrently, ZnO:Al material, with aluminum content varying from 0.1 to 5 atomic % of Al, were prepared from basic solutions of zinc and aluminum cation neutralized with an acidic solution.  The solid zinc hydrate was annealed at 350 °C for 3 hours to afford doped zinc oxide powder.  These solids will be pressed into sputtering targets to investigate whether highly resistive films of ZnO:Al can be obtained that are appropriate for use as a HRT layer. 
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