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Abstract 

We have studied efficient p-on-n homo- (InCaAsSb/GaSb) and hetero- 
junction (InGaAsSb/AKaAsSb/GaSb) thennophotovoltaic (TPV) cells 
with respect to the recombination velocity at the cap-Iayer/emitter 
interface, S. In both cell types the open-circuit voltage, V,, and the short- 
circuit current, Jd have about the same sensitivity to $. The dark current, 
J, is the most sensitive of all. An examination of the essential factors in 
the one-dimensional minority-carrier diffusion model shows that under 
short-circuit conditions, photogenera ted electrons diffuse rapidly away 
from the interhce to the junction, whereas under open-circuit conditions, 
they remain in the emitter for a much longer bulk-recombination time, 
and therefore, they are more likely to recombine at the interface. A factor 
of 2.2 increase in S from 5 to 11 x 10' a n / s  produces a 25-mV decrease in 
V ,  a 12-% decrease in J, or quantum efficiency, and a factor of two 
increase in J,. This work points out the critical importance of interfacial 
recombination even in efficient TPV cells. 

Introduction 

We have characterized p-on-n InGaAsSb /Gas thennophotovoltaic crpv) cells 
grown on GaSb by molecular-beam epitaxy [1,2]. These cells exhibit external 
spectral quantum efficiencies of 45 O h  at a wavelength of 1 prn and 55 O h  at 2.25 
pn, implying internal efficiencies of 82 and 95 YO, respectively. Using the 
measured absolute spontaneous emission of forward biased cells, the ratio of the 
radiative and the Auger recombination coefficients is 1.55 x 10'' cm3 for cells 
having p-emitters doped to I and 3 x 10'' Cm"13). Optimal p-emitter doping is 
about 1 x 10'" cm', leading to open-circuit voltages of 300 mV at short-circuit 
cutrent densities of 1 Alan2. The ideality factors are near unity, i. e., 1.04. Series 
resistances for 1 x 1 an' are 9 mS2 anz. Fill factors of 59 O h  have been measured at 
current densities of 2.5 A/cm'. Such operational characteristics show that these 
devices are well suited for thermophodvoItaic applications. 
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This paper discusses an important aspect of the TPV cell's operating 
characteristics: the different infIuence of caplayer/ emitter interfaaal 
recombination velocity, S, upon the short-circuit current, J; the open-circuit 
voltage, VW; and upon the dark current density, J,. We show that for efficient 
cells-a change in S from 5 x 10' to 1.1 x 10' cm/s produces a 25-mV drop in V, a 
i2-% decrease in Jd and a factor of two increase in J,. 

TPV Cell Architecture 

Figure 1A shows schematically the vertical profile of the 0.55-eV TPV cell, and 
Fig. 1B shows the front-surface metallization configuration. 
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Figure 1. {A) The vertical profile of the TPV cells. (B) TPV Cell front-surface metallition pattern. 

A 1-pn-thick n-GaSb (Tedoped to 3 x lo'' cm") buffer layer is grown on the 
substrate, followed by the active layers of the cell. The n-Al,,sGa,,As,,Sb, or n- 
X~.~AGao&sowSbas base thickness is 1 pm (Tedoped to 5 x lO"cm'3). The 3-pm- 
thick p- ~~,6Gao&so,s0,, emitter is Bedoped to 1 x lo'* ma. Homo- and 
hetero-junction structures were used in the interfacial recombination-velocity 
studies. Owing to the relatively wider bandgap of 0.95 eV of the n- 
A&sGa,As,Sb,, base and depletion region, recombination occurs 
predominantly in the p-h0 ,~.Ca,As,,Sbo, emitter, thus facilitating the 
interpretation of experimental results. Both cell types exhibit comparable 
quantum efficiencies at high excitation levels. 

Finally, a thin cap layer of pGaSb is grown on the emitter. This layer provides a 
conduction-band barrier at the cell input surface that reduces the effective 
recombination velocity at the cap-layedemitter interface, while absorbing little 
radiation. Initial devices incorporated a 0.05-pm-thick cap, Be-doped to 1 x 10'" 
cm". During processing, we discovered that the photoresist developer etches the 
GaSb cap layer at a rate of 20 nm/min. The estimated thickness of the etched 
cap-layer is 20 to 30 nm, leaving open the possibility of electron tunneling to the 

fh 



free GaSb surface. To avoid creating such a thin a cap layer, an additional 0.1 
of GaSb was regrown on the cap layer, creating a cap layer 0.15 thick. 
During processing, 20 to 30 nm was etched, so that the finai thickness was 0.12 to 
0.13 pm. in some cases the first 0.05 pm of GaSb was doped to 2 x 10'' me', and 
the remaining 0.05 pm was doped to 1 x 10'' c~n.~ ,  producing a built-in electric 
field that sweeps photogenerated electrons into the emitter. The characteristics 
of cells with thin (20 - 30 nm) cap layers and ones with thick (0.12 - 0.13 p) cap 
layers, some of which contained a built-in field, were studied to determine the 
influence of interfacial recombination on J,, Vu, and J,. 

The front surface metallization pattern is an array of 10-pm-wide fingers on 100- 
w centers. The fingers emanate from a central 200-p-wide busbar. The 
metallization was e-beam deposited Ti(lOnm)/Au(l00nm)/Ft(100nm)/ 
Au{SOnm), followed by 5-)un of plated Au. This metallization pattern was 
applied to 4 x 4 mm2 cells and to 1 x I an2 cells. The substrate metallization was 
Ni(5nm) /Au(45nm)/Ge(20nm)/Ni(15nm)/Au(200nm). The cells were In- 
soldered to copper submounts for testing at 15 "C. 

The Influence of Cap-LayerEmittet Recambination on and Vm 

Figure 2 shows the semilogarithmic Jbr - V, characteristics of two 4 x 4 mm2 

layer without a built-in field. 
.- -. - . .. 1- - - - heternjunction ceh ,  one with the thin.GaSb cap layer and one wit)\ -the thick cap 



. 

... 

O p n  Circuit Vdtage, Vat, mV 

.C ... :: . - . Eigure2, Shart.tcircu&.wntdensity and open-circuit vottage of two heterow%2ion TPV ceUst , 

I: ..- . -ooevdWhe.ociginat GaSb etched cap layer (thin) and one with a regrown GaSb cap layer (thickk. .. 

b t h  cells were made from the same wafer. Short-circuit current densities from 
0.5 to 3OOO mA/cm' were generated in each cell, and the corresponding values of 
V, were measured. We assume the data to be described by the usual exponential 
dependence of Je on V,: J, = J,,exp(V,/nkT), where Jo is the dark-currentdensity 
parameter, n is the ideality factor, and kT is the thermal energy measured in eV. 
Each characteristic has two branches: one with an ideality close to 1.2 at 
excitation IeveIs Iess than about 100 mA/an', and the other with an ideality 
factor dose to 1.0 at excitation levels higher than 1OO m ~ / c m ~ .  The low-level- 
excitation branches presumably arise from recombination in the depletion 
region; those at high-excitation levels arise from recombination in the emitter 
bulk and cap-Iayer/emitter interface. Model fits to the four highest data points 
of each characteristic are a b  shown, as dashed and dot-dashed fines, along with 
the values of J, and n used; these fitted curves will be discussed below. At a 
given value of J=, V, for the cell with the thick cap Iayer is 20 to 23 mV higher 
than the thin-cap-layer cell. 

Figure 3 shows Js for both cells as a function of the ilhmination level, P, in 
arbitrary units. 
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Olurinadion Le\sl, P (Arb. Wt.) 

.. - Figure 3. Short-circuit current density photoresponse for two heterojunction TPV cells: 
one wnh the origi~l GaSb etched cap layer (thin) and one with a regrown GaSb cap - . 

C I.. . . -  -. layer(thick). - .  . ~ .. 

Jw is proportional to the quantum efficiency. The curves are Linear, and at the 
highest excitation level, the difference in J, for the two cells is 12 YO. 

The thick GaSb cap layer reduces the cap-layer/emitter recombination velocity, 
S. For a given excitation level, J& and V, increase in cells with a thick a p  layer, 

and Jo decreases.To calculate these effects, we use the simple onedimensional 
diffusion model to describe minority-canier dynamics in the emitter 141. The 
cells have high quantum efficiencies, implying that the electron diffusion length, 
L, is much longer than the emitter width, W; and that S is not much different 
from the natural bulk recornbination velocity, D/L, in which D is the electron 
diffusion constant. Also, we assume that the absorption length of the exciting 
radiation, a?, is much shorter than L. 

Eliminating all extraneuus prefactors, the dependence of J, on S is given by 

cLL+S/(D/L) 1 ' 

aL-1 l+S/(D/W) J ,  = 

and with our assumptions that 
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1 E- l - J, L 
1 + s/(DIw) I + c, 

C,. x defines the factor S/@/W), through which J, depends on S. 

In a similar way, the dependence of Vu( on S can be obtained. V, is a logarithmic 
function of Nw the photogenerated electron concentration in the emitter: 

V, = kTln&, /np) 

where n,, is the background electron concentration in the p-type emitter. The 
dependence of No on S is given by 

1 - -.- 1 - aL+S/(D/L) 1 - 
A-1 1+SL2/DW - X+SL2/DW 1+c, No = 

and the factor C, = SL2/@W) has been defined. The ratio of C, to C, is much 
less than unity, showing that Ne is more sensitive to S than is J,: 

, _  
. . .  *.. - -  .. - c, w2 

c, L2 
~. -=-<<I 

Another way to view this effect is to compare the time constants associated with 
J, and No. The time constant associated with J, is the diffusion time of electrons 
out of the emitter, r, which is given by 

Z, = W 2 / D  

The time constant associated with No is the bulk recombination time Z, given by 

t =C/D 

Thus, the ratio of these two time constants equals CJC, and is much less than 
unity: 



3, is less sensitive to S than No because under short-circuit conditions, 
photogenerated electrons quickly diffuse out of the emitter. On the other hand, 
photogenerated electrons under open-circuit conditions linger in the emitter for 
the much longer bulk-recombination time, thereby increasing their chance to 
recombine at the cap-layer/emitter interface. 

Fiwe 4 shows the calculated relative decrease of J% with increasing S, and Fig. 5 
shows the decrease in Voc with increasing S. 

I I r 

Figure 4. The calculated relative decrease m the short-circuit current with increasing 
cap-layerfem'mr interfacial recombination velocity. 

t 
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Figure 5. The calculated decrease in open-circuit voltage with increasing cap-layerlemitfer 
interfacial recomb'mtbn velocity.. 

These curves were calculated using the one-dimensional diffusion model. The 
parameter values were W = 3 pm, 7 = 40 ns, D = 100 cmz/s, giving L = 20 pm, rD = 
0.9 m. D/L = 5 x lo' m / s .  The difference in V, is shown because V, depends 
logarithmically on N,, and it is the ratio of No values that is compared. 

Increasing S from 10' to le u n / s  produces a 20-% decrease in Je (Fig. 4) and a 70- 
meV drop in V, (Fig. 5). 

For our range of parameters, the simplified diffusion model also gives the 
expression for the dependence of the dark current density, Jo, on S 

S z A- S /(D/ L)+ W / L l o =  A 
S/(D/W)+l 

J,, is directly proportional to S, and A is a constant of proportionality. 

Rehuning to the fitted curves in Fig. 2, the Val& of Jo for the cell with the thick 
cap layer is 10 pA, and if we assume S = 5 x 10' cm/s (2. e., S/(D/L) = 1) A = 10 
PA. For the cell with the thin cap layer the value off is 22 +A, which, since A is 
a constant, implies that S = 1.1 x lo5 an/$. As can be seen from Fig. 4, the 
corresponding calculated decrease in J, is about 10 %, which is in reasonable 
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agreement with the 12-% decrease for the highest data points shown in Fig. 3. 
Likewise, from Fig. 5 the calculated decrease in V,is 20 mV, again in reasonable 
agreement with the 25 mV difference in the highest data points shown in Fig. 2. 
Far both cells the values of S/(D/L) are close to unity. We see experimentaliy 
that as S increases by a factor of 2.2, J, decreases by 12 %, V, decrease by 25 mV, 
and Jd increases by a factor of two. 

Similar results are obtained for homojunction TPV cells. Figure 6 shows the J, - 
V, characteristics of two 4 x 4 m2 homojunction cells. 

I I f I 
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Figwe 6, Jsc - Vm characteristics of two homojunction TPV cek one with a thin cap byr, cell 
#1, and one with a thick cap layer, cell #2. 

Cell #1 has a thin cap layer, and cell #2 has a thick cap layer containing a built-in 
field. At short-circuit current densities approaching 3 A/m'  ceIl#2 produces a 
15-mV larger open-drcuit voltage than does cell #I. We interpret this increase as 
a decrease in S. The lower value of S reduces J, by about a factor of two from 500 
to 250 mA/cm'. As was the case for heterojunqtion cells, a thick GaSb cap layer 
reduces S by a factor of two. 

At excitation levels below 2000 mA/cm', depletion-layer recombination in cell #2 
is evidenced by the branch in its characteristic with an ideality factor of n = 1.8. 
Note that this is larger than that of the heterojunction cells, in which n = 1.2 (Fig. 



2), indicating the stronger depletion-region recombination in the homojunction 
cells. 

* Summary and Conclusions 
Efficient pon-n homo- (InGaAsSb/GaSb) and hetero-junction 
(hG&Sb/AlGaAsSb/GaSb) thermophotovoltaic (W) cells were studied with 
respect to the recombination velocity at the cap-layerlemitter interface, S. Tn 
both cell types the open-circuit voltage, V, and the short-circuit current, J, each 
have about the same sensitivity to S. The dark current, I,, is much more sensitive 
to S. An examination of the essential factors in the onedimensional minority- 
carrier diffusion model shows that under short-circuit conditions, 
photogenerated electrons diffuse tapidly away from the interface to the junction. 
Under open-circuit conditions, the electrons remain in the emitter for a much 
longer bulk-recombination time, and therefore, they are more likely to recombine 
at the interface. J, is proportional to 5. An increase in S from 5 x 10' to 1.1 x lo5 
cm/s produces a 25 mV decrease in Vw and a 12-0/0 decrease in Jcc or quantum 
efficiency. Jo increases by a factor of two. This work points out the critical 
importance of interfacial recombination even in efficient TPV cells. 
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