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Abstract 
This paper reports recent progress in the d&eIopment of quaternary LII-V 

thermophotovoitaic (TPY) devices based on MBE grow Ga81n,-&,Sb,,. TPV is of great 
interesT for a variety of appkations''a. The objeaive s f this work is to develop a TPV 
~ d f  which is "tunable" to the emission spectrum of a heated blackbody. at temperawes 
in the range of 12OU - 1473 K. One aspect of this "tuning" is to match the band gap, Efrp, 
of the photovoltaic device to the peak output of the hfat source. An advantage of the 
quaternary IU-V semiconductor systems is that device$ can be fabricated by molecular 
beam epitaxy on a suitable binary substme, S U C ~  as Ga b or InAs, and the band gap and 
Iattice consxant can be adjusted more or less indepe t dently, to match requirements;. 
Quaternary cclis, with bilnd-gaps in the 0.5 to 0.72 eVirange, have been fabricdted and 
tested. For 0.54eV devices we obtained VW = 0.3 V and f c  = 1.5 amperes/cin' under 
infiacd illumination of a 12013K blackbody. Under high illumination levels tht: Yce unci 
Isr ranged from 0.5 V at 3 amperedcrn' far 0.72eV devices to 0.3i Y at 1.2 ampereslcm2 
for 0.5eV devices, indicating g o d  photovoltaic device 'characteristics over the range of 
.bandgap. The diode ideality fitl'tor for 054eV dc/5ces ranged from 2.45 at low 
iflurninatiun indiczhg t*Jnneting-dominate# dark cui-+st, to 1.7 at high illumination 
intensity indicating recornbination-generation dominated dark currents. 

Pruvez N. u p p d  

Sanders, A Lockheed Martin Company, NHQ6-1551, (si5 Spit Brook Rodd, Nslshua NH, 03061 

I Introduction I 
The elements of a TPV system include an emidr which is a heslt source coupled 

to a blackbody radiator, a spectral control element (band-pass filter) and a photovoltaic 
converter which is matched to the blackbody and specnal control element. A schematic 
for a TPV system is shown in Figwt: 1. 

Figure 2 cornpares che power emitted by a blackFdy at various temperatures and 
compares the power at wavelengths shorter than the cui-off wavelengths for GaSb, and 
two lower bmdgaps. The three lower curves represent tve maximum power available for 
conversion by cells with those bandgaps without taking into consideration any factors 
h i h g  their conversion efficiency. It must tie pointed aut that a tiigh efficiency PV 
diode is only one aspecr of dmonstriiting an efficient TPY system, an effective spectral 
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control device is critical to obtain high overall system efficiency. As an example, for a 
t200K blackbody, almost 70% of the blackbody power density lies below the bmdgap of 
a 0.5eV bandgap PV cell. This requires an efficient bapd-pavs filter which reflects most 
of the radiation below the xiniconductor bandgap out tQ 10-pm back to the blackbody to 
recycle the photons and allows maximum t ransmibe  above the semiconductor 

Among the unique advantages of the quatematly GaInAsSb system *are that the 
bandgap and the lanice constant can be adjusted to &tch the requirements. Figure 3 
shows the alloy composition and the bandgrtp range of hterest lattice matched to GaSb. 

in this paper we present recent progress on olpining large area (Icm x lcm) 
variable bandgap GalnAsSb PV cell lattice matched td GaSb substrates with bandgaps 
between 0.72eV and 0.5eV. 

Materia! Growth 
The material used for the fabrication of the G d s S b  TPV devices was grown 

using a Vsuian Gen 11 MBE system. 2" n-type ( I - k 1  cm4) exact (001) oriented GaSb 
substrates were used. The oxide on these wafers wa de. orbed in-situ in the MBE system. 
The wafers were heated to about 400 C, then the Sb, utter was opened, the oxide was 
observed to come off at temperatures in the 525-53 C range as monitored by the 
pyrometer. An n+ (-5e18 em-') lOOnrn GaSb buffer i ayer wits: grown to smooth the 
surface and improve the WEED pattern. During he GaSb growth the subs%rate 
temperature was dropped to 500 C and growth of Gal sSb was initiated. This formed 
the base region of the TPV device and had a rhiches + of 5-pm and an n-type doping 
density of 2e17 cm". Next the p-type emitter and p- e GaSb (300A) window layer 

SUUCtUTt=. 
In order to obtain the correct bandgap, Ga and I' ratios were adjusted. To obtain 

the lattice constant match with the substrate, As an Sb ratios were adjusted. The 
GaInAsSb devices were lattice matched to within 0.0 % with the substrate. When the 
mismatch exceeded 0.1% the wafer was observed to b l  d. The wafers bent in a convex 
shape with 3 plus (larger than the substrate-excess qb) mhmtr.h. The wafers were 
observed to bend in if concstve shape with a negative ( maller than the substrate-excess 
As) mismatch. This bending of wafers was much wors t in the case of h A s  subsumes, 
because InAs is a softer material than GaSb. To reIieve the lattice mismatch strain 
quaternary CalnAsSb appears to deform the layer inf;tead of relieving strairi by the 
fonnation of dislocations. This is presumably due to tpe alloy hardening effect of the 
sexond group V in the films. Due to this alloy hardening effect the layer finds it 
energetically diffieult to produce and propagate dislwions and hence bends to relieve 
the strain. This bending of the wafers took place at the owth temperature and could be 
observed through the view port, this rules out the be 6 ing due to any co-efficient of 
thermal expansion mismatch. To further investigate th# possibility of lattice mismatch 
related bending peculiar to the GahSb material systeh we grew the ternmy GdnSb 
(with the same Ga and Jn rich as in the quaternary) o& GaSb, we did not observe any 
bending despite a much larger mismatch (>OS%). T is indicates that in the mixed 
amnGde-antimonide quaternaries strain relaxation p r y e d s  differently as conpued to 
the ternaries, and can have important device implicatiqns. Further investigitdons using 
TEM are needed on the GalnAsSb quaternary system. I 

bandgap fur the PV cell to convert. I 

I 

were gown with a doping density of 1-2el8 P I igue 4 shows a typical device 
I 
I 

P 

I 
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hyice Fabricatran and chma&erization 
lcm x lcm mesa diodes were fabricated using dhemicd etching. the mesa diodes 

had a single Imm wide central busbar for making el&ical contact to the dcviccs. The 
busbar was connected to grid lines 0.km long 100- apart and IO-pm wide. Front 

depositing a 5-pm thick Au or AI to obtain a low rc$istance cantact for high cment 
densities. For battorn Ohmic contact a thick S a c  or SdAu was used. A 0.2-pm Silicon 
Nitride layer on top was used as an antirdmion coatin . 

The diodes were testeci under dark and under I$ lackbody illuminated conditions. 
Figure 5 shows an external quantum efiiciency vs wa length for a typical device. The 
Figure shows a comparison for a typical GaSb and G & sSb device, The fall off at short 
wavelenghs indicates high surface recombination, p ring to the need for an effective 
front surfwe passivation or a high bandgap window 3 la er. A softer roll o€f in quantum 
efficiency at wavelengths near the band edge indicates[che absence of an eff&ve back 
surface field. Adding these two layers to the devicesiwill considerably improve their 

Figure 6 shows comparison of a typical I-V ch acteriStics from a GalnAsSb and 
GaSb PV diodes under simiiar low Iight level 3lu i n  ation conditions- As is to be 

performance. 

expected the short circuit curtent is higher for the ower bandgap device. The I-V 

under cunent investigation. Some of .wries resistance i$ the GaInAsSb devices couid be 
due to a heterostructure b a n k  between GaInAsSb a d  GaSb'". The conduction and 
valence band discontinuities bctwwn GaSb and Ga&!bSb are 0.24eV and -0.leV 
respectively. This is particularly troublesome and R W ~ S  to be reduced by degenerately 

metallization was done by evaporating Ti and Pt in, Y an e-beam evaporator and then 

cftaracteristics point to rhe need €UT bew Ohmic con, L ts and this is an area which is 

doping the junction or by bandgap grading. 

I? can be observed that for low temperitture 

I 
Figure 7 shows the PV short circuit cuncnt vs the blackbody temperature. 

applications the n&ow gap 
(0.54eV) cells are the answer because they offer mdre than three times the current 
density as compared to the GaSb (0.73eV) cells. 

Figure 8 plots the measured shon circuit cudent density vs rhe open circuit 
voltage. Asswming the ideal diode relation 

where I ,  is the short circuit current, I, is the dark current, Vw is the open cvcuit voitage, 
n is the diode ideality factor, k is the Boltunann consdt  and T is the temperature. 

diffusion (n=l), bulk 
reoombination/regeneration (n=2), suxface recombh tm: 'on (a=2) and band to band 
There are four potentiai dark current mech 

tunneling {n>2). in Figure 8 we plotted the I, vs Vm q d  fined the i d d  diode equation 
assuming a single dominant dark current mechanism We found it usefuI to compare the 
data for OUT MBE grown GaInAsSb and GaSb diodes and JX Crystal LPE grown cells. 
At low current injection conditions MBE grown devices show a diode ideality factor 
of 2.43, indicating band to band tunneling, LPE devices showed a combination of 
diffusion and generatiodrecombination dark cunent. vis difference could be due to a 
lower base doping for the LPE grown cells. Lower b* doping leads to a fower VOS. 
tMBE cells show a higher V,* at a lower I,* (this is v desirabie) as compared to LPE 
cells. This data f a d s  us to conclude that it is much rn 3 e desirable to have an undoped 
inninsic region between the p and n layers to reduce the \tunneling component of the dark 

= J,lexp{qVJnkT)-$ 
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current. Some of the dark curzent could also be due to a lack of surface passivation. 
Use of an effective passivant or a high bandgap window layer will also reduce 
the dark current. 

Figure 5) pIots V- vs T for MBE grown GaInAsbb cells. "his is done for various 
Is values. This data also helps determine the differendes in the dominant dark current 
mechanism. Fram low to high illurnination levels ithe Voc decreases linearly with 
temperamre- The difference in the slope dV,JdT betw4en very low injection levels and 
higher injection levels indicate that a? lower current leveils the current is a combition of 
tunnekg and some other mechanism, for higher in$ction levels once the m e l i n g  
barrier has been overcome the dark current rnech&ism is almost entirely due M 
tunneling"', this is indicated by a relatively small chande in the dVJdT dope. ir will be 
interesting to measure dVJdT for even higher injection llevels to see if other dark current 
mechanism. become dominant. I 

canclusions , 

We have presented data on the current status of lattice matched GaInAsSb TPV 
devices and pointed out the areas in which improvements or device design changes 
are needed. Quaternary lattice matched TPV devices are very promising for 
the& power conversion and offer superior performance due to potentially higher 
long term reliability and higher open circuit voltages and currents than lattice 
mismatched InGaAs/InP devices. 
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