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ABSTRACT

Thermophotovoltaic (TPV) properties of InGaAs cells with band gaps of

either 1.15 or 1.2 eV, GaAs cells, and Si cells were investigated. In par-

ticular, dark and illuminated current vs voltage characteristics were

obtained for a number of these concentrator cells at cell temperatures

ranging from 300 to 550 K and currents varying from 10-8 to 10 A. Based

on these data, the temperature dependence of the TPV efficiency for each

of these cells was inferred for a fixed value of the parasitic absorption

of the below-band-gap energy photons. For a given weighted parasitic ab-

sorption of 5%, the InGaAs cells have a significantly higher TPV effici-

ency than the GaAs or Si cells. TPV efficiencies approaching 40% at

*300 K and 26% at 500 K appear feasible for the InGaAs cells. Based on

these data, it was calculated that the specific mass of a space-based

nuclear-TPV energy conversion system would be 10 kg/kW if InGaAs cells

with 5% weighted parasitic absorption were used. In addition, a theor-

etical model was developed for determining the optimum efficiency of

single and multiple band gap cells in TPV energy conversion.
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1. INTRODUCTION AND RESEARCH OBJECTIVES

Thermophotovoltaic (TPV) energy converters use a heat source to

raise the temperature of an emitter material so that it emits photons.

When absorbed in a photovoltaic cell, these photons cause electron-hole

pairs to be created and an electric current to flow. The heat source

for this process can be a nuclear reactor, a radioactive isotope gener-

ator, concentrated solar energy, or a fossil-fuel burner.

To optimize the efficiency of TPV cells, the thermal emitter should

operate at a temperature such that the maximum number of photons emitted

have an energy closely matched to the band gap energy of the cell photo-

voltaic material. For typical cell temperatures of 300 to 600 K and

emitter temperatures of 1500 to 2300 K, the maximum conversion effi-

ciency occurs for cells with band gaps in the range of 0.7 to 1.2 eV.

For a given cell and emitter temperature (and weighted parasitic absorp-

tion, see Section 3), there is an optimum band gap which maximizes the

TPV efficiency. The solid solution alloys of InAs-GaAs are quite

attractive in that the band gap is direct in these materials and can

be varied from 0.35 to 1.4 eV by changing the relative proportion of

InAs to GaAs. Significant improvements in the efficiency of TPV energy

conversion can be achieved if parasitic photon absorption is minimized

so that the below-band-gap photons are not absorbed in the cell but are

reflected back to the thermal emitter to help keep it hot.

TPV cell material for space power applications must be able to

operate at a relatively high temperature in order to minimize the

mass of the radiator used to transfer waste heat. Lower radiator mass

leads to lower specific mass (kg/kW), a major goal in space power

applications.

1.-



In 1982, GA Technologies Inc. (GA) completed a study for NASA-Lewis

Laboratories (Ref. 1-1) which indicated that TPV energy conversion has

great potential for space power applications. For a 100-kW space

nuclear power system, this study indicated that the specific mass for

a TPV-based system was 7 to 15 kg/kW. By comparison, the specific mass

for comparable thermionic- and thermoelectric-based nuclear space power

systems is -30 kg/kW.

The primary purpose of the present program was to measure TPV prop-

erties of variable direct band gap InGaAs cells and estimate their effi-

ciency and performance for actual TPV operating conditions expected for

a space power environment. To achieve these goals, an apparatus was

designed and fabricated for measuring some TPV properties of cells at

elevated cell temperatures. Data were obtained for InGaAs, GaAs, and Si

cells and were extensively analyzed. These results were used to esti-

mate efficiencies at variable cell and emitter temperatures, assuming

a low value for the parasitic absorption that should be attainable.

Finally, the specific mass of a TPV-based space power system was calcu-

lated using these data. In addition, micrometallurgical analyses were

conducted on various cells to verify the composition and the homogeneity

of the alloys. This task was accomplished using scanning electron

microscopy (SEM) and energy dispersive analysis of X-rays (EDAX). The

problems and techniques for fabricating 1-cm 2 and larger cells were also

evaluated.

During the program, it became clear that a more thorough analysis

of the optimum band gap for maximum TPV efficiency than that presented

in a previous report (Ref. 1-1) was required. In that report, the basic

assumptions were not clearly presented and the detailed dependence of

the TPV efficiency on numerous parameters was not discussed. Therefore,

an extensive analysis of the optimum TPV efficiency and associated band

-rap as a function of emitter temperature, cell temperature, parasitic

absorption, and other factors was performed.



Another route to achieving high conversion efficiencies in solar

photovoltaics is through the use of multiple band gap cells. Since

multiple band gap cells should also have higher conversion efficiencies

in a TPV system compared with single band gap cells, a generalized

theory of multiple band gap TPV cells was developed for the first time.

For the particular case of a two band gap cell, the optimum TPV effi-

ciency and associated band gaps were calculated using the same input

parameter spectrum previously taken for the one band gap cell.

1-3
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2. TEST MATERIALS AND LARGE-AREA-CELL FABRICATION FEASIBILITY

The materials tested during this program included GaAs, Si,

In Ga As (Eg = 1.15 eV), and In Ga As (E = 1.20 eV)
0.25 0.75 g' 0.20 0.80 g

research concentrator solar cells that were able to conduct current

densities of -10 A/cm 2 with no appreciable series resistance losses.

Those cells were not fabricated to achieve high TPV efficiencies; i.e.,

they were expected to exhibit significant free carrier absorption and

low back surface reflectivity. The InGaAs cells studied did exhibit

this expected parasitic absorption. These cells are discussed in more

detail in Section 6.

Variable direct band gap InGaAs cells have been fabricated and

studied at Varian Associates, Inc. for solar applications (Refs. 2-1,

2-2, 2-3). InGaAs cells were obtained from Dr. Jan Werthen of Varian,

and GaAs and Si cells were received from Dr. Peter Isles of Applied

Solar Energy Corporation. Si TPV cells were obtained from Professor

Richard Swanson of Stanford University.

The InGaAs cells were fabricated using the technique of metalor-
2

ganic chemical vapor deposition (MOCVD) and had areas of 0.49 cm . It

appears that fabricating 1-cm 2 and larger cells presents no great tech-

nological challenge since high-quality GaAs cells (Ref. 2-4) of 4-cm 2

area with 18.7% efficiency (1 sun, AMO) have been fabricated using the

same technique of MOCVD. The only major difference in construction of

the InGaAs and the GaAs cells is that a grading layer is required in the

InGaAs cell to account for the difference in lattice parameter between

the GaAs substrate and the InGaAs base layer. Thus, the techniques for

fabricating large-area InGaAs cells are within the scope of the present

state of the art.

2-1
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3. OPTIMUM EFFICIENCY OF SINGLE AND MULTIPLE BAND GAP
CELLS IN TPV ENERGY CONVERSION

3.1. INTRODUCTION

Numerous investigations have examined the maximum theoretical

performance obtainable from single and multiple band gap photovoltaic

cells (Refs. 3-i through 3-6). These studies have determined the maxi-

mum efficiency of such cells under I sun as well as concentrated sun-

light conditions and also as a function of the temperature of the cell.

Although various approaches have been used, all the results are in

fairly close agreement. These analyses have provided useful guidance

in the design of single and multiple band gap cells for high-efficiency

photovoltaic systems.

Another route to high efficiencies is through TPV energy conversion

(Ref. 3-7). In TPV systems, a source of energy such as concentrated

sunlight, nuclear material, fossil fuel, or a radioisotope heat source

is used to heat an intermediate thermal emitter to a temperature of 1500

to 2500 K. The emitter then radiates photons which are incident on the

TPV cells.

Two factors contribute to the high efficiency of a TPV conversion

system relative to solar photovoltaic systems (Refs. 3-8 through 3-11).

First, the emitter is at a lower temperature than the sun, resulting in

less energy being radiated at short wavelengths where the cell is inef-

ficient. Second, the long-wavelength (below-band-gap energy) photons

are reflected back to the emitter, keeping it hot, so their energy is

not wasted.

Potential semiconductor materials for TPV cells have been investi-

gated both experimentally and theoretically. In particular, Swanson

3-1



(Refs. 3-8 through 3-13) studied the performance of Si cells that were

optimized for high TPV efficiency. Vera et al. (Refs. 3-14, 3-15) have

explored the theoretical efficiency of both Ge and tandem Si/Ge cells in

TPV energy conversion. Although others have considered the maximum

efficiency in TPV energy conversion (Refs. 3-16 through 3-19), there

have been no detailed studies of the band gaps required for maximizing

the conversion efficiency of single and multiple band gap TPV cells.

This section describes a general theory for the efficiency of mul-

tiple band gap TPV cells that is a generalization of the approach used

by Swanson for a single band gap cell (Refs. 3-8 through 3-10). Then

calculations are presented for the band gap(s) and corresponding effi-

ciencies that maximize the TPV performance of one and two band gap cells

as a function of cell temperature, emitter temperature, and parasitic

absorption.

3.2. THEORY OF MULTIPLE BAND GAP TPV CELLS

In this theory, the general approach and terminology follow those

developed by Swanson for single band gap TPV cells (Refs. 3-8 through

3-10). We assume that the radiation incident on the cell is blackbody

in nature. The TPV cell is fabricated such that the radiation is first

incident on the highest band gap cell with band gap E We assume thatgl"

all the light with energy hw > E is absorbed in cell No. I and that it
gl

transmits all the light with energy hw < E to the remaining cells.

Cell No. 2 then absorbs all the light with energy E < h,1 < Eg , and
g2 g

so on for the rest of the cells. There are assumed to be n cells.

The TPV conversion efficiency is given by

Pout (3-1)
TPV Pabs
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where Pout is the power output per unit area and Pabs is the power

absorbed per unit area. The output power per unit area at the maximum

power point is

n
Pout JmpiVmpi , (3-2)

where J is the current per unit area and V is the voltage at the
mpi mpi

maximum power point for cell i. Following Swanson, we define an elec-

trical efficiency factor neleci as

~eleci J V-JmpiV Mpi (3-3)

eleci Jphi Vgi

where Jphi is the total photogenerated current per unit area from cell i

and Vg = E gi/q, with q being the magnitude of the charge of the elec-

tron. Then the maximum power output per unit area becomes

n
Pout = JphiVgineleci " (3-4)

For calculating the power absorbed, we assume that the spectral

intensity of the incident radiation is that of a blackbody. Then the

power incident on the TPV cell per unit area and angular frequency w is

2
P(W) = 2 i (3-5)

4n2c e BE -I

where TE is the temperature of the blackbody emitter. The total power

incident per unit area is then

P. =f P(w)dw = oT , (3-b)
tnc E
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where a is Stefan's constant. Now the power per unit area absorbed by

the TPV cell is

cabs A 1 i A(W)P i(W))d (3-7)

where Ai (w) is the spectral absorptance of cell i and Pi (W) is the spec-

tral intensity incident on cell i. For fw > E gi the desired absorption

mechanism is the photogeneration of electron-hole pairs. However, for

hw < Egi, other absorption mechanisms dominate and contribute to para-

sitic losses in efficiency. Therefore, for each cell, the spectral

absorptance can be written

A(w) =A (w) + A (W) , (3-8)
i phi pari

where Aphi(w) is the spectral absorptance resulting in photogeneration

and Apari is the parasitic absorptance.

For simplicity of analysis, we now invoke the following assump-

tions. First, we take

Aphi() = 1 for Egi < w < gEgi I

(3-9)
Aphi( ) = 0 for riw < Egi

This requires that the thickness of cell i be larger than the absorption

length of the incident light ir the energy range E < fw < E and
gi gi-1

that cell i have a quantum efficiency of 1. Secondly, we define

n
Apar( = pari()3-0

v--4_4 ZC



Then Eq. 3-7 becomes

A pa00Pwd f Pwd 31
ggn

where w. = E gi . Also, the number of photons of energy hw incident on

the TPV cell per unit area and time is P(w)/h±w, so

~phi = f h w
Wgi

~p2=q f gi P(W) d

g2 .(3-12)

phn = fwn 1Pw)

gn

From the previous equations, the TPV efficiency can be rewritten as

TTPV = 00pigilic (3-13)

fglA pr(W)P(w)dw. + f P(w)dw

gn

* or

n usei elect n

IrPV 1 * TPVi (3 )

Aph
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where

= phi gi (-15)
nusei (3Pwd

Pw~ d
gn

= fgn A par (w)P(w)dwj (3-16)

par Pwd

Xph f. P dw (-7

P(w)dw

In this equation, A pris the weighted parasitic absorption and A phis

the weighted photoproduction absorption. For high TPV efficiencies, it

is necessary that the ratio of A /A be small. For a single band gap
par ph

TPV cell, (1 - n us ) represents the excess kinetic energy lost owing to

the absorption of photons with energy greater than E . For multiple
g

band gap TPV cells, the total use factor may be defined as

v gl IP()d + V gIdorW g2f rv"
VV g2 tfw

-~g gif PGnd
(3-)

Since

I 
d

n gn f, n~w

nse <. g (3-19)

gn
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the kinetic energy lost owing to absorption of photons with energy in

excess of the band gap is lower for a multiple band gap TPV cell than

for a single band gap TPV cell with band gap equal to the lowest band

gap of the multiple band gap cell. As for a single band gap cell, the

electrical efficiency factor neleci represents the inherent fill factor,

series resistance, shunt resistance, etc., losses inherent in the ith

cell.

3.3. SINGLE BAND GAP TPV CELL

It is useful to calculate explicit expressions for the various

terms in the TPV efficiency equation before discussing optimization

routines. This section presents the theory previously developed by

*+ Swanson (Refs. 3-8 through 3-10). For a cell with a single band gap

energy E , illuminated by a blackbody at temperature T the use factor

sn becomes• use

V P(w) dw

= g (3-20)nus e

f P(w)dw

g

From Eq. 3-5, this expression becomes

p2u du
ue - 11

=) e (3-21)
use

~3u
e -1

where u = 1w/(kBTE ) and 3 = E /(kBTE). For the range of T and E to be
BEg BE E g

considered, typically 3 > 5. Therefore, in the above integrals, the
U U.

approximation e - 1 + e is used. The use factor can then be explic-

itly written as
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~use 3 8 + 3a82 + 68 + 6 (-2

In a similar manner, it can be shown that

- -e (a 3 +3a 2 + 6a +6)A ph= (3-23)
/15

and

~ph= irc 2 (kBTE) 3 [e( 2 + 28 + 2)] (-4

ph 1.01 2 io- T2 ~ +2 )

2324

where J phhas units of A/cm 2and T Eis in degrees K.

Then for a single band gap cell, the TPV efficiency is given by

nTV use A~ elec (-5

S+ par

Aph

where

J v
~elec- _____ .(3-26)

ph g

The I vs V characteristics of the TPV cell are taken to obey the

standard diode equation
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j= jph J (3-27)

where

J B exp (k) (3-28)

Here, TC is the cell temperature, V is the terminal voltage, and, fol-
C6 2

lowing Bennett and Olsen (Ref. 3-2), B is assumed to equal 10 A/cm0

The electrical power output per unit area is

P out = JV (3-29)

The values of J(V) and V which maximize the power output are J and
mp

V
mp

3.4. TWO BAND GAP TPV CELL

Following the methodology and assumptions outlined above, the TPV

efficiency for a two band gap TPV cell is found to be

) TPV -nuse Inelecl + nuse2nelec2 (3-30)

I + par 1 + par

A ph Aph

where

ri -8

"'e-B1 ( 13 + 2€312 + 281t)

usel -3 (3-31)

e = 2 + 3i 2 + 682 + 6)
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ue2=8[e82 (82' + 282 + 2) - a 81(2 + 2e + 2)] ,(-2

e 8  28 + 3a2 + 68 2 + 6)

-mp I mpl (
elel iphi Vgi1

i i2J V p (334)
ele2 iph2 Vg2

* ~phi= 42q (! TE) 3 [e-O1 ( 2i+ )

(k~+) 2 + 2 (3-35
ph2 41T~c 1

L 28i + (3-36)

and

Ap e8  (a2~ + 382 + 6802 + 6) (3-37)
ph Tr /15

In the above equations, a,= E gl/(k BT E and 2 E g2/(k BT )

As for the single band gap cell, the I vs V characteristics for

each cell are given by

J =J -J e p (3-33)
I phi o1
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Jo : Bo exp (--Eg (3-39)

2~ ph2 o~2 [ep nkT)

J B exp IkE 2) (3-40)
o6 2

Again, the value of B is taken to be equal to 106 A/cm in the follow-0
ing calculations.

3.5. OPTIMUM EFFICIENCY OF SINGLE BAND GAP TPV CELL

To compute the maximum TPV efficiency of a single band gap cell,

a computer program was developed based on the equations derived in Sec-

tion 3.3. Since the cell temperature, emitter temperature, and weighted

parasitic absorption are strongly dependent on the cell construction and

environment, these three variables were input parameters to the computer

program. For each value of emitter temperature, cell temperature, and

weighted parasitic absorption, the band gap which led to the largest TPV

efficiency was calculated. For weighted parasitic absorption values of

0.05 and 0.10, the optimum band gap and associated TPV efficiency for

selected emitter temperatures and cell temperatures are presented in

Table 3-I and displayed in Fig. 3-1.

A number of trends are apparent from this analysis. With increas-

ing emitter temperature, the optimum band gap and corresponding TPV

efficiency both increase. With increasing cell temperature, the optimum

band gap increases, while the associated TPV efficiency decreases. For

increasing weighted parasitic absorption, both the optimum band gap and

the TPV efficiency decrease.
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TABLE 3-1
OPTIMUM TPV EFFICIENCY AND ASSOCIATED SINGLE BAND GAP

FOR SELECTED VALUES OF EMITTER TEMPERATURE TE,

CELL TEMPERATURE Tc, AND WEIGHTED PARASITIC
ABSORPTION A

par

A =0.05 A 0.
par par

TE  TC  E EECg g

(K) (K) (eV) nTPV (eV) TPV

1500 300 0.78 0.2802 0.71 0.2267
400 0.84 0.1936 0.78 0.1497
500 0.91 0.1235 0.85 0.0902
600 0.98 0.0702 0.93 0.0480

1700 300 0.85 0.3213 0.77 0.2645
400 0.91 0.2400 0.84 0.1907
500 0.97 0.1707 0.90 0.1301
600 1.04 0.1137 0.98 0.0824

1900 300 0.93 0.3551 0.84 0.2960

400 0.98 0.2793 0.90 0.2263
500 1.04 0.2128 0.96 0.1669
600 1.10 0.1556 1.03 0.1174

2100 300 1.00 0.3833 0.90 0.3225

400 1.06 0.3127 0.96 0.2570
500 1.11 0.2496 1.02 0.1998
600 1.17 0.1938 1.08 0.1505

2300 300 1.08 0.4071 0.97 0.3449
400 1.13 0.3413 1.02 0.2835
500 1.18 0.2817 1.08 0.2289

600 1.24 0.2281 1.14 0.1808
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Fig. 3-1. Maximum TPV efficiency of a single band gap cell as a function
of emitter temperature for selected values of cell temperature
and weighted parasitic absorption Apar
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The values of the input parameters chosen are those that probably

correspond to actual requirements of a realistic TPV system. The TPV

cells would be heated to a fairly high temperature (since the blackbody

* emitter is a fairly intense source of radiation) which would depend on

the amount of passive or active cooling applied to them. A 600 K tem-

perature is a realistic upper limit of operation for present-day photo-

voltaic cells. A maximum emitter temperature of 2300 K was chosen since

at higher temperature, significant vaporization of emitter material

(such as tungsten, graphite, etc.) and its subsequent deposition on the

TPV cells would block the incoming radiation and adversely affect the

photogenerated current. Weighted parasitic absorption of Si p-i-n TPV

cells as low as 0.05 has been achieved by Swanson (Refs. 3-9, 3-13)

and so was taken as a lower limit. For weighted parasitic absorption

greater than 0.10, the TPV efficiency becomes comparable to photovoltaic

systems and so was chosen as an upper limit. We note that for an emit-

ter temperature of 2300 K, a cell temperature of 300 K, and weighted

parasitic absorption of 0.05, a TPV efficiency of 40.7% is calculated.

To more clearly elucidate the extreme importance of low parasitic

absorption for achieving high TPV efficiency, the TPV efficiency as a

function of band gap energy is plotted in Fig. 3-2 for selected values

of weighted parasitic absorption (Ar). These carves were calculated
par

assuming an emitter temperature of 2100 K and a cell temperature of

300 K. For A 0, the TPV efficiency increases monotonically with
par

band gap since both n use and n elec increase with increasing band gap.
For finite values of A T'V has a rather flat maximum. This indi-

par' TPV
cates that if the parasitic absorption of the TPV cell is known, then

the band gap energy which maximizes nTPV may vary by as much as ±0.1 eV

without significant loss of efficiency.

The results of another calculation which illuminates the relation-

ship between nTpV and A are presented in Fig. 3-3. Here both the
TPV par

maximum n TPV and associated band gap are plotted as a function Apa r

Both nTPV and the related band gap are strongly decreasing functions of

increasing parasitic absorption, particularly for values of A < 0.2.
par -

3-14
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This again emphasizes the need for low parasitic absorption TPV cells

for maximizing TPV efficiency. It also demonstrates that in order to

fabricate TPV cells of optimum efficiency, the emitter temperature, cell

temperature, and parasitic absorption must all be considered.

For finite values of Apar' the curve of n TPV versus band gap energy

has a maximum because A decreases with increasing band gap. This is
ph

more clearly shown in Fig. 3-4, where the factors A n n7. ' ph' nelec' nuse'

-elec * /use' 1/(l + A /A ph), and n which equals the product ofee ns'par ph nTPV'

the previous two factors, are plotted versus band gap energy. Whereas

) elec * nuse gradually increases with band gap, the factor 1/(1 + Apar/

A ph) rapidly decreases with increasing band gap, leading to the maximum

in the nTpV versus band gap curve.

The interrelationship between nTPV, Apar' and band gap is also

illustrated in Fig. 3-5, where nTPV is plotted versus weighted parasitic

absorption for band gap fixed values of 0.7, 1.1, 1.4, and 1.8 eV.

These curves illustrate that the higher band gap cells have a greater

i TPV for low values of Apar' whereas the lower band gap cells are more

efficient for high values of A owing to their larger values of A
par ph'

Finally, we consider the case of maximum weighted parasitic absorp-

tion where none of the below-band-gap energy photons are reflected back

to the emitter; instead they are all absorbed by the TPV cell. Then

the value of A is as large as it can be in the above theory, namely
par

Apa r = 1 - A ph where Aph is determined from Eq. 3-23. For selected

values of TE and TC, the band gap which led to the largest TPV effi-

ciency was calculated subject to the constraint of A 1 - A
par ph

These results are presented in Table 3-2 along with the values of A
par

associated with the parameters TEl TC, and E . The magnitudes of both

E and are significantly lower than those calculated under the con-
g nTPV

ditions of Apar = 0.05 and Apar = 0.10 as shown in Table 3-1. The TPV

efficiency decreases considerably faster with increasing cell tempera-

ture for the maximum Apa r condition compared with low values of Apa r '

For example, at TE = 2100 K, nTPV decreases by 71% between 300 and 600 K

3-17
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TABLE 3-2
OPTIMUM TPV EFFICIENCY AND ASSOCIATED SINGLE

BAND GAP FOR SELECTED VALUES OF EMITTER
TEMPERTURE TE AND CELL TEMPERATURE Tc
UNDER THE CONDITION Apar I - Aph

T E TC E
(K) (K) (eV) TPV a, . TPVpar

1500 300 0.52 0.0885 0.604
400 0.62 0.0456 0.728
500 0.72 0.0214 0.821
600 0.82 0.0090 0.886

1700 300 0.55 0.1145 0.554
400 0.64 0.0674 0.663
500 0.73 0.0371 0.753
600 0.82 0.0190 0.824

1900 300 0.58 0.1383 0.513
400 0.66 0.0892 0.605
500 0.74 0.0549 0.687
600 0.83 0.0321 0.764

2100 300 0.61 0.1597 0.478
400 0.68 0.1102 0.555
500 0.76 0.0734 0.635
600 0.85 0.0471 0.714

2300 300 0.64 0.1788 0.449
400 0.71 0.1298 0.521
500 0.79 0.0918 0.597
600 0.86 0.0630 0.658
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when A pa 1 phA yet it decreases by only 49% when A 0.0.rI
is interesting to note that even under these "worst case" conditions, a

TPV conversion efficiency as high as 18% is calculated for TE 2300 K

and T = 300 K.
C

3.6. OPTIMUM EFFICIENCY OF TWO BAND GAP TPV CELLS

Based on the explicit equations presented in Section 3.4, a compu-

ter program was developed to calculate the maximum TPV efficiency for

two different band gaps. In this case, the input parameters were again

the emitter temperature, the cell temperature, and the weighted para-

sitic absorption. As previously shown by others (Refs. 3-2, 3-3), as a

first approximation for determining the efficiency of two band gap pho-

tovoltaic cells, it is reasonable to assume matching short circuit cur-

*i rents from each band gap. Calculation of the maximum TPV efficiency for

two band gaps proceeded by determining, for each upper band gap, the

lower band gap where the short circuit currents from each band gap are

equal.

The upper band gap is varied for each value of cell temperature,

emitter temperature, and parasitic absorption; the lower band gap where

equality of short circuit current occurs is calculated; and the band

gaps which give the maximtvm TPV efficiency are determined. Whereas the

short circuit currents from each band gap are equal, the values of J
mpl

and J the current densities from each band gap at the respective
mp2'

maximum power points, are not identical. Results for the input param-

eter spectrum previously used for the one band gap case are tabulated

for the two band gap case in Table 3-3 and presented graphically in

Fig. 3-6.

As for the single band gap case, with increasing emitter tempera-

ture, both the higher and lower band gaps as well as nTpV increase in

magnitude. With increasing cell temperature, both band gaps increase,
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TABLE 3-3
OPTIMUM TPV EFFICIENCY AND ASSOCIATED TWO BAND GAPS FOR SELECTED

VALUES OF EMITTER TEMPERATURE TE, CELL TEMPERATURE TC, AND
WEIGHTED PARASITIC ABSORPTION A

par

= 0.05 A =0.1
par par

TE TC Eg1  Eg2  Eg1  Eg2

(K) (K) (eV) (eV) rPV (eV) (eV) )TPV

1500 300 0.87 0.75 0.3130 0.80 0.67 0.2591
400 0.93 0.81 0.2164 0.87 0.75 0.1712
500 1.00 0.88 0.1382 0.94 0.82 0.1034
600 1.07 0.96 0.0786 1.02 0.90 0.0551

1700 300 0.95 0.81 0.3586 0.87 0.72 0.3020
400 1.01 0.87 0.2678 0.94 0.80 0.2178
500 1.08 0.95 0.1906 1.01 0.87 0.1487
600 1.14 1.01 0.1269 1.08 0.95 0.0942

1900 300 1.03 0.87 0.3963 0.95 0.79 0.3378
400 1.09 0.93 0.3114 1.01 0.85 0.2581
500 1.16 1.01 0.2372 1.07 0.91 0.1903
600 1.22 1.07 0.1734 1.14 0.99 0.1339

2100 300 1.12 0.94 0.4277 1.02 0.84 0.3679
400 1.18 1.01 0.3486 1.08 0.90 0.2929
500 1.24 1.07 0.2781 1.14 0.96 0.2276
600 1.30 1.13 0.2158 1.21 1.04 0.1714

2300 300 1.20 1.00 0.4542 1.10 0.90 0.3935
400 1.26 1.07 0.3804 1.16 0.96 0.3231
500 1.32 1.13 0.3137 1.22 1.03 0.2607
600 1.38 1.19 0.2537 1.28 1.09 0.2057
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while nTPV decreases. For increasing values of Apar' both of the band

gaps and nTpV decrease. In comparison with the single band gap TPV

efficiency at a given value of cell and emitter temperature and Apar ,

the two band gap TPV efficiency is only about 10% higher. For example,

at TC = 300 K and TE = 2100 K for Aa r = 0.05, n TPV = 0.3833 for a

single band gap, while nT 0.4277 for two band gaps, an increase of-" ingl bad ga, whle TPV

- 11%.

As is apparent from Eq. 3-14, nTPV can be considered to be a sum of

the individual TPV efficiencies nTPVi arising from each band gap. Again

assuming that the short circuit currents from each band gap match, nTPV'

and ,TPV2 and the lower band gap have been calculated as a func-

tion of the higher band gap cell No. 1. These curves are plotted in

Fig. 3-7 for the parameters TE = 2100 K, TC = 300 K, and Apa r  0.05.

For increasing values of the higher band gap, the maximum of TPV1' then

.TPV' and finally n TPV2 is attained. Also apparent from the calculation

is that n TPV lies above nTPV2. Lastly, we note that the value of the

lower band gap increases almost linearly with higher band gap energy.

' To determine the sensitivity of the TPV efficiency to the short

circuit current matching condition, we have calculated the TPV effi-

, ciency for a fixed lower band gap of Eg2 = 0.94 eV as a function of the

higher band gap for TE = 2100 K, TC = 300 K, and selected values of

A These results are shown in Fig. 3-8. Comparing nTPV for equal
par P
short circuit currents shown in Fig. 3-6 and Table 3-2 for A = 0.05

(where Eg2 = 0.94 eV and n = 42.77%) with the curve shown in Fig. 3-8

for Apa r  0.05 indicates that optimum efficiency of 43.13% for Eg2
0.4par

0.94 eV occurs at an upper band gap of 1.20 eV, close to the equal short

circuit current upper band gap of 1.12 eV. Indeed, the efficiencies at

these two points differ by only 1%.

We have also calculated the optimum two band gap configuration

without any constraints for the conditions of Apar = 0.05, TE = 2100 K,
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k,. ~

3-25



. . . . . . . . . . . .... .... .. .. . ...oeBndGp.....

600

5.0

S 40

U 35 1z

u 30

L
w 25 .2

CL
20 20

1550

10 .75

5

0
.9 1 1. 1 1. 2 1.3 1. 4 1.5 1.6 1.7 1.8E 1. 9 2

HIGHER BAND CAP (QV)

Fig . 3-8. TPV efficiency versus higher band gap energy for various
values of weighted parasitic absorption Apar and fixed
values of emitter temperature of 2100 K, cell temper-
ature of 300 K, and lower band gap of 0.9 e%'



TC

and T= 300 K. In this case, nTpV 0.4313, E 1.20 eV, and Eg2
CP g1 gr2

0.94 eV, precisely the same values found above. Thus, for these condi-

tions the optimum TPV efficiencies both with and without short circuit

current matching constraints are found at the same value of the lower

band gap energy and differ by less than 1%. Unlike the current matching
TPV efficiency, for no constraints, nTPVI = 0.191 is less than n 2 =

0.240. In addition, at the maximum power point J = 7.08 A/cm . while
2 mJ = 12.56 A/cm is significantly larger.

mp2

To again indicate the requirement of low parasitic absorption for

high TPV efficiency, we have calculated the maximum qTPV and the cor-

responding values of E and E as a function of weighted parasitic
gi g2

absorption, assuming equal short circuit currents from each band gap.

These results are displayed in Fig. 3-9.

As for the single band gap case, we have also calculated the opti-

mum TPV efficiency and associated two band gaps, assuming equal short

circuit currents, under the condition of maximum weighted parasitic

absorption of A 1 - . For selected values of T and TC, the
par ph* E

results are displayed in Table 3-4 along with the corresponding value of

A Again, the magnitudes of E and n are significantly lower than
par' g TPV

those calculated under the conditions of A = 0.05 and A = 0.10 as
par par

shown in Table 3-3. The TPV conversion efficiency does reach a fairly

high value of 24% for TE = 2300 K and TC = 300 K. With increasing cell

temperature, n TPV decreases significantly faster for A par  - Aph com-

pared with A = 0.05 and 0.1, as previously noted for the single bandpar

gap case. Under the condition A 1- Ah r for the two band gap
par ph' TPV

case is approximately 33% higher than nTpv for a single band gap. This

is a significantly larger improvement than the -10% increase in nTpV

found when A = 0.05 and 0.1. Thus, for a TPV energy conversion sys-
par

tem which does not recycle the below band gap energy photons back to the

emitter, the use of multiple band gaps offers an attractive route for

boosting the efficiency.
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TABLE 3-4
OPTIMUM TPV EFFICIENCY AND ASSOCIATED TWO BAND GAPS

FOR SELECTED VALUES OF EMITTER TEMPERATURE TE
AND CELL TEMPERATURE TC UNDER THE

CONDITION A 1 - A
par ph

T T E EE C gl g2
(K) (K) (eV) (eV) nTPV Apar

1500 300 0.60 0.46 0.1189 0.509
400 0.68 0.54 0.0605 0.637
500 0.78 0.65 0.0279 0.761
600 0.87 0.75 0.0116 0.841

1700 300 0.64 0.47 0.1544 0.446
400 0.72 0.56 0.0899 0.568
500 0.80 0.65 0.0489 0.673
600 0.89 0.75 0.0247 0.767

1900 300 0.68 0.48 0.1870 0.393
400 0.76 0.58 0.1196 0.509
500 0.83 0.66 0.0728 0.600
600 0.91 0.74 0.0421 0.689

2100 300 0.73 0.51 0.2164 0.363
400 0.80 0.59 0.1482 0.458
500 0.87 0.67 0.0979 0.546
600 0.94 0.75 0.0622 0.624

2300 300 0.78 0.53 0.2425 0.339
400 0.84 0.61 0.1750 0.414
500 0.90 0.68 0.1228 0.486
600 0.98 0.77 0.0836 0.575
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3.7. CONCLUSIONS

A theory has been developed to calculate the TPV energy conver-

sion efficiency of multiple band gap cells that is based on the single

band gap theory previously used by Swanson (Refs. 3-8 through 3-10).

Explicit equations have been derived for determining the TPV efficiency

of both one and two band gap cells. For the single band gap cell, the

optimum efficiency and associated band gap have been calculated for

various values of emitter temperature, cell temperature, and weighted

parasitic absorption. Efficiencies in excess of 35% appear feasible for

a cell temperature of 300 K and a reasonable weighted parasitic absorp-

tion of 0.05.

For the two band gap TPV cell, efficiencies and corresponding band

gaps have been calculated assuming equal short circuit current densities

collected from each band gap. The two band gap efficiency is typically

about 10% larger than that for a single band gap for fixed values of

emitter temperature, cell temperature, and weighted parasitic absorp-

tion. This suggests that the route to high values of TPV efficiency

likely will proceed by significant reductions in the parasitic absorp-

*tion of single band gap cells rather than by the fabrication of multiple

band gap cells.
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4. THEORETICAL MODEL FOR INFERRING HIGH-TEMPERATURE
TPV EFFICIENCY

4.1. INTRODUCTION

For a space-based TPV energy conversion system, it is necessary

that the cell temperature be as high as possible in order to minimize

the mass of the radiator, which is responsible for cooling the cells.

Therefore, TPV properties at high temperatures should be known. How-

ever, the TPV test rig is able to operate only near room temperature.

In order to infer TPV efficiencies at elevated temperatures, it is

necessary to determine nelec' nuse' A par' and Aph at elevated tempera-

tures. Then n TPV can be calculated according to

n T elecnuseTPV l

1+ par

Aph

The procedure followed is described below.

4.2. nuse

The use factor n can be calculated from
use

use = 3 + 2 (4-2)
3 + 32 + 6 + 6
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where = E /(kB T E ) with E being the energy gap and TE the emitterg B ' g

temperature. Since E decreases with increasing temperature, it is
g

necessary to know E (T). The temperature dependence of the band gap
g

* can be expressed approximately by a universal function of the form

(Ref. 4-1)

2•aT=(43)T
Eg(T) E E(0) (+ )(4-3)
g g (T +y)

For GaAs (Ref. 4-1), E (0) = 1.519 eV, a = 5.405 x 10- 4 eV/K, and y =
g -4

204 K. For Si (Ref. 4-1), E (0) = 1.170 eV, a = 4.73 x 10 eV/K, and

y = 636 K. If E at 300 K is known, then E (0) can be determined by
g g

*- aT2

Eg0) =E (T) + (+ (4-4)
g g (T +y)

For the InGaAs cells to be discussed, E (0) was calculated from the
g

known value of E (300 K) and Eq. 4-4, assuming that the parameters ag

and y are the same for InGaAs as for GaAs. Then E (T) was derived usingg
* Eq. 4-3. For indirect gap materials such as Si, it appears that the

band gap is somewhat greater (for Si -0.1 eV) than the actual band gap

so far as A ,use and J are concerned (Ref. 4-2). Therefore, for-. ph' use' ph

Si it was assumed that E (300 K) - 1.12 + 0.1 = 1.22 eV.
g

4.3. Aph

The weighted photoproduction absorption can be calculated using

- e -  G 3 + 3a2 + 6 + 6)
A ph 4 /15

4.4. A
par

Because of the difficulty in inferring the temperature dependence

of the weighted parasitic absorption A a fixed value will be chosen.
par'

-----------,*



As discussed by Swanson (Refs. 4-2, 4-3), many factors contribute to

A for Si p-i-n cells. Since fabrication of the InGaAs cells is evenpar

more complicated than that of the Si p-i-n, it is probably not feasible

to calculate A from first principles. At least, it is necessary Zopar

minimize identifiable mechanisms, such as free cArrier absorption, due

to intraband transitions, that arises from the thick, heavily doped ;axs

substrate upon which the InGaAs cells are grown.

Assuming that the InGaAs TPV cells have a back surface mirror ,hich

allows the below-band-gap energy photons two passes at the cell mate-

rials, the weighted free carrier absorption can be calcualted to be

(Ref. 4-2)

foc•_ o P(w)Af()dI

Af (4-6)
fc ~ o

J P(w)dw

or

A f 5.5 x 10- 9 (me 2 gWn (4-7)
fc \m*/ A 2 (7n-i TE

in the limit if small A r. In this equation, m is the free electron
fc e

mass, m* is the carrier conductivity effective mass, W is the layer
-3thickness in cm, n is the free carrier concentration in cm , n is the

2
refractive index, and W is the carrier mobility in cm /(V-s).

For the InGaAs cells studied, the 350- 4-thick GaAs substrates were"i1 8 -3
doped to a density of 2 x U1 cm . Therefore, in Eq. 4-7, the input

parameters are taken to be n = 2 x 101 8 cm- 3 and W = 350 x 10-  cm. If

an n-type GaAs substrate is assumed, m* = 0.067 and p = 2.5 xlO cm2/

(V-s) at this doping level (Ref. 4-1). Between wavelengths of I and

- 3
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10 pm, n = 3.3 for GaAs (Ref. 4-4). For ionized impurity scattering,

g = 3.395, while for phonon scattering, g = 1.132. At room temperature

and above, phonon scattering generally dominates so that g = 1.132.

Assuming an emitter temperature of 2000 K, the weighted free carrier

absorption then becomes Afc= 2.9. Since this is not small, then

Eq. 4-7 is not valid since it is true only when A << 1. The above
fc

analysis indicates that the parasitic absorption due to free carrier

absorption is not small.

The previous discussion suggests that the doping level of the GaAs

substrate must be reduced to n 1016 cm where 1 = 6 x 103 cm /(V-s).

Then Ac 0.006, which is an extremely 1w value, and other parasitic

mechanisms would probably dominate at this level. In the above discus-

sion, an n-type GaAs substrate was assumed, since its mobility is 20

* times higher than that of p-type, resulting in 20 times smaller A
fc*

The free carrier absorption due to the active junctions of the

InGaAs cell should also be small. The total thickness of these regions

(i.e., p-n junctions, window layer, cap layer, etc.) is approximately
18 -3

3 wm and the typical doping density is n = 10 cm (Ref. 4-5), where

= cm2 /V-s. Then Afc 0.032, which is quite acceptable.

The temperature dependence of the free carrier absorption will be

primarily due to the temperature dependence of the free carrier density

n and mobility W. Since the intrinsic carrier density of GaAs at 500'Cis n 1015 -3

is n i- 10 15 cm (Ref. 4-1), at the temperatures considered here, the

carrier density due to the dopants (extrinsic carrier density) is always

greater than the intrinsic carrier density and so the carrier density

will remain essentially unchanged with temperature. The mobility due to

phonon scattering varies at T-I '0 for n-type GaAs (Ref. 4-1). There-

fore, between 300 and 600 K, the mobility is expected to decrease

according to

P(600 K) (600 K)
p(300 K) (300 K) 0.5

(0 4-4
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This will increase A by a factor of 2. Therefore, it is reasonable to_fc

assume that A fc will remain essentially unchanged (within a factor of 2

* or so) as the cell temperature is increased from 300 to 600 K.

Other known contributions to parasitic absorption should also

be minimized. GaAs has some optical phonon modes at an energy of

0.035 eV = 35 Wm which are expected to cause negligible parasitic

absorption. GaAs has a splitting of -0.3 eV (Ref. 4-6) between valence

bands, which could result in considerable parasitic absorption due to

interband transitions at -4 pm. This suggests that the majority of the

cell should be n-type, so there are few holes to absorb at this wave-

length. However, even for the p-type regions of the cell, the para-

sitic absorption should not be significant because for p-type GaAs, the
absorption coefficient a < 30 cm for photon energies of 0.2 eV < hv <

E (Ref. 4-6). In this energy range, I pm of p-type material will
g -aW

absorb 1 - e - 0.003 or only -0.3% of the incident radiation. Note

that this absorption mechanism has a weak temperature dependence.

The final absorption mechanism to be considered is absorption in

the metal that makes up the electrical contacts and in any back sur-

face mirror, which is necessary for a low-parasitic-absorption, high-

efficiency TPV cell. A back surface mirror was not present on the cells

studied under this contract. The infrared absorptivity of freshly

vacuum deposited silver or gold is approximately 0.01 for a I to 30 ;m

range in wavelength. The absorptivity should remain rather constant

with increasing temperature as long as the reflecting material (silver

or gold) does not react with the material to which it is bonded.

The conclusion drawn from the preceding discussion is that the

parasitic absorption due to the variety of causes cited above will be

relatively temperature independent for TPV cell temperatures between 300

and 600 K. Therefore, in the TPV model, the analyses are performed

assuming a temperature-independent value for a
par

4-5
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4.5. rlelec

The electrical efficiency factor n can be calculated using

J v

elec mp mp (4-8)
ph g

where J and V are the current density and voltage at the maximum
lap lap

power point, respectively, JPh is the photogenerated current, and

-.- V = E /q is the band gap voltage. Jph can be determined usingg g

"ph 1.011 x 10 T [e (a'+2 +2)] (4-9)

where J has the units of A/cm2 and T is in degrees K. If zero series
*ph Eresistance and infinite shunt resistance are assumed, the illuminated J

vs V characteristic for an ideal p-n junction cell is

Jph Jo xp qV 1 (4-10)

where J is the saturation current density and A is the diode ideality
0 0

factor. The dark J vs V characteristic is given by

J = J xp - . (4-11)

Generally, the diode ideality factor A is between I and 2 (Ref. 4-7).

When electrical transport is dominated by injection and diffusion of the

carriers in the quasi-neutral regions of the p-n junction, then A = 1.
0

If the recombination and generation transport mechanism in the depele-

tion layer dominates, then A = 2. Thus, the value of A can indicate
0 0

the dominant transport mechanism.

L..



In order to determine the temperature dependence of r the dark

I vs V characteristics were measured as a function of temperature for

currents up to 10 A, the limit of the experimental apparatus. For some

of the cells investigated, the dark I vs V curves saturated at higher

currents, indicative of finite series resistance effects (Ref. 4-7).

Therefore, the dark I vs V curve was least squares fit to Eq. 4-11 for

the largest values of I where series resistance effects were not influ-

encing the I vs V curve. Values of J (using the measured cell area)
0

and A 0were derived from the least squares fit results for every tem-

perature at which there was a dark I vs V measurement.

The value of n elec at a given temperature was then calculated as

follows. At the cell temperature T, the band gap E (T) was calculatedg

using Eq. 4-3. The J was determined from Eq. 4-9. Using this calcu-
ph

lated value of J and the values of J and A derived from the measured
ph o o

dark I vs V curve at the cell temperature T, the maximum power output
|'" 2

per cm , Pmp = JMP V MP, was determined from Eq. 4-10 by varying V until

J-V was maximized. Knowing Jmp and V mp, elec was calculated using

Eq. 4-8.

4.6. TPV

The computer program for calculating the temperature dependence of

nTPV has essentially been described above and will be summarized here.

The inputs to the program are the room temperature band gap (whether the

temperature dependence of the band gap is to follow GaAs or Si), the

cell temperature, the emitter temperature, the values of J and A at0 o

the cell temperature, and the weighted parasitic absorption A The
par'

computer calculates the band gap at the input cell temperature and then

finds n use' A and J p Then the maximum power point values Jmp andfid u e  ph' ph"m

Vmp are determined and elec is calculated. Finally, ITPV is found

using Eq. 4-1.

-4-7
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Other factors are also calculated. The fill factor FF is given by

J v
FF - mp mp (4-12)

Jph oc

where V is the open circuit voltage:
oc

A kT
Voc 0 ln -- + (4-13)

The power absorbed Pabs by the TPV cell per cm is given by

*P
mp

P abs ~TPV (-4

The power incident P. on the TPV cell per cm is determined usinginc
Planck's blackbody radiation law:

-" P. =cT (4-15)
inc E

-12 2_ 4 2
where a = 5.67 x 10 W/(cm K The power per cm rejected as heat

Pheat is given by
-hea

Sheat =Pabs -P p (4-16)

2
The power per cm reflected by the TPV cell back to the emitter is cal-

culated using

ref inc abs

The power that must be supplied by the external source of power is equal

to the power absorbed Pabs"
Yb
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All the above powers are generated by the computer code. A typical

printout is shown in Table 4-1 for InGaAs cell 706455 at two different

cell temperatures.

4-9
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TABLE 4-1
TYPICAL TPV EFFICIENCY PROGRAM COMPUTER PRINTOUT

TYpe of TFV Cell: InGaAs 706455a-(" at 3O (eV) 1.2
Energy Gap at (eV)
Temperature Dependence of Energy Band Gap to Follow GaAs
Cell Temperature (K) = 301

- Weighted Parasitic Absorption = .05
Dark Current JO (Amps/cm-2) = 1. 184E-07
Diode Ideality Factor = 2.26

- Ratio of (Illuminated Area)/(Total Cell Area) = 1
Concentration (in Times) of Incident Emitter Radiation = 1
Energy Gap in eV at Cell Temperature = 1.199548

TE PINC PABS PREF PHEAT NTPV NOPT NELEC NUSE APH FF JMP JPH PMAX VMP VOC
M K (Whlc2)(Wlc@^2) (Wlca^2) (Wlhs^2) (Alcm^2) (Alcm^2) (Wlcs^2) (Y) MV

1500 28.70 1.89 26.81 1.67 .11936 .21514 .55479 .88453 .01607 .76386 0.3138 0.3394 0.2259 0.7199 0.8716
1600 37.16 2.75 34.41 2.29 .16714 .28591 .58460 .87658 .02420 .77075 0.6085 0.6557 0.4600 0.7560 0.9102
1700 47.36 3.99 43.36 3.13 .21658 .35435 .61122 .86862 .03445 .77653 1.0972 1.1788 0.8646 0.7880 0.9446
1800 59.52 5.75 53.77 4.23 .26434 .41618 .63517 .86068 .04681 .78144 1.8614 1.9948 1.5205 0.8169 0.9754
1900 73.89 8.20 65.69 5.67 .30828 .46934 .65685 .85274 .06121 .78567 2.9994 3.2080 2.5286 0.8430 1.3032
2000 90.72 11.54 79.18 7.53 .34740 .51346 .67658 .84483 .07748 .78937 4.6264 4.9393 4.0101 0.8668 1.0285
2100 110.27 16.01 94.26 9.90 .38147 .54918 .69462 .83694 .09542 .79262 6.8726 7.3254 6.1061 0.8885 1,0516
2200 132.82 21.85 110.97 12.88 .41077 .57757 .71121 .82908 .11482 .79551 9.8803 10.5176 8.9763 0.9085 1.07.8
2300 158.67 29.37 129.30 16.57 .43577 .59980 .72652 .82124 .13543 .79809 13.8063 14.6792 12.7977 0.9269 1.0924
2400 188.12 38.87 149.25 21.11 .45699 .61697 .74070 .81345 .15701 .80042 18.8168 19.9846 17.7631 0.9440 1.1105
2500 221.48 50.70 170.79 26.62 .47496 .63002 .75389 .80569 .17932 .80253 25.0848 26.6165 24.0790 0.9599 1.1,'3

Type of TFV Cell: InGaAs 706456f
Energy Gap at TOOl. (eV) = 1.2

Temperature Dependence of Energy Band Gap to Follow GaAs
Cell Temperature (K) = 466
Weighted Parasitic Absorption = .05
Dark Current JO (Amps/cm 2) = .0002096
Diode Ideality Factor = 1.87
Ratio of (Illuminated Area)/(Total Cell Area) = 1
Concentration (in Times) of Incident Emitter Radiation = 1
Energy Gap in eV at Cell Temperature = 1.121335

TE PINC PABS PREF PHEAT NTPV MOPT NELEC MUSE APM FF JmP JPH PMAX VMP VOC
(K) (W/c^2)(Wcm^2)(W/c ^2)(W/cm^2) (A/ca2) (A/c ^2) (W/ca^2) V :,V)
1500 28.70 2.29 26.42 2.08 .09200 .28917 .31814 .87621 .02463 .64560 0.4719 0.5512 0.2104 0.4459 35913
1600 37.16 3.40 33.76 2.97 .12724 .36191 .35159 .86770 .03578 .66128 0.8896 1.0265 0.4331 0.4868 3.6Z80
1700 47,36 5.02 42.33 4.20 .16290 .42674 .38174 .85920 .04934 .67404 1.5625 1.7863 0.8183 0.5'37 ).o-7

1800 59.52 7.32 52.-0 5.88 .19694 .48146 .40904 .85072 .06519 .68464 2.5884 2,9374 1.4418 0.5570 3.71-0
1900 73.89 10.50 63.39 8.11 .22821 .52596 .43389 .84226 .08314 .69358 4.0820 4.6043 2.397, 0.5B77 0.'507
2000 90.72 14.81 75.91 11.02 .25626 .56121 .45662 .83383 .10293 .70124 6.1746 6.280 3.7q62 0.bl4 ).73814
2100 110.27 20.52 89.75 14.75 .28105 .58860 .47748 .82543 .12427 .70788 9.0087 10.0645 5.7667 0.6401 0.20°4
2200 132.82 27.92 104.90 19.47 .30277 .60954 .49672 .81707 .14686 .71370 12.7406 14.1819 8.4533 0.6635 3.8352
2300 158.67 37.34 121.33 25.33 .32173 .62529 .51453 .80876 .17041 .71885 17.5375 19.4589 12.0147 0.i851 0.9589

2400 188.12 49,14 138.97 32.52 .33824 .63689 .53108 .80049 .19466 .72343 23.5716 26.0828 16.6223 0.7052 0.8809
2500 221.48 63.70 157.79 41.24 .35259 .64519 .54649 .79227 .21933 .72755 31.0265 34.12470 22.4589 0,7239 0.9014



5. EXPERIMENTAL APPARATUS FOR HIGH-TEMPERATURE MEASUREMENTS

5.1. INTRODUCTION

In order to infer the expected TPV performance of various cells at

high temperatures, it was necessary to measure their high-temperature

dark and illuminated current (I) versus voltage (V) characteristics.

From the dark I vs V characteristics, values for the temperature depen-

dence of the saturation current density J and diode ideality factor k

can be determined. From the illuminated I vs V characteristics, the

* . variation of the short circuit current with cell temperature can be cor-

related with the variation of the band gap with temperature. At higher

temperatures, the band gap decreases, which increases the short circuit

current.

5.2. EXPERIMENTAL REQUIREMENTS

The high-temperature apparatus had to satisfy a number of

Ni requirements:

1. Cell headers should be compatible with the TPV rig.

2. Cell temperature should be easily variable from 300 to 550 K.

3. Cell headers should be easily interchangeable.

4. Cell headers should allow cells of various sizes to be tested.

5. The apparatus should allow both dark and illuminated I vs V

characteristics to be obtained.
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6. Cell temperature should be stable (less than ±1 K variation)

over the course of a measurement.

7. Because of the large quantity of data accumulated, data acqui-

sition should be computer controlled.

All these requirements were taken into account in the design and

operation of the high-temperature apparatus.

5.3. EXPERIMENTAL APPARATUS

The high-temperature rig is shown schematically in Fig. 5-1. The
cell is soldered to the top of the cell header, which is then placed in

the depression in the main body. The size of the protruding "nub" of

the cell header and the mating depression in the main body are identical

to those used in the TPV rig. The top plate of the outer body is

screwed down until contact is made with the top of the cell. For dark

I vs V characteristics, the cover plate is placed over the opening in

the top plate. For illuminated I vs V characteristics, the cover plate

is removed. Top plates are made with different sizes of openings and

cell headers are fabricated with different diameters to account for the

different cell sizes encountered.

Except for the insulating MACOR base, all the components of the

apparatus are machined from high-conductivity OFHC copper to minimize

series resistance effects due to the sample holder. This also allows

the thermocouple, which is sunk into the thermocouple well, to accu-

rately measure the cell temperature. The entire assembly is situated on

a thermostatically controlled hot plate to allow temperatures up to

550 K to be attained. Temperature fluctuations in the hot plate causing

temperature fluctuations in the cell temperature are minimized because

" of the poor thermal diffusivity of the insulating MACOR base.
5
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A schematic of the entire assembly used to obtain the high-

temperature data is shown in Fig. 5-2. For the dark I vs V measure-

ments, a constant current is driven through the cell either by the

Keithley 220 for I < 0.1 A or by the Keithley 228 for 0.1 A < I < 10 A.

The voltage is measured using the Keithley 195, and all the I and V data

are collected by the IBM PC computer. For the illuminated I vs V mea-

surements, 4.60 A were sent through an Optronic Laboratories Model lOOt,

1000-W tungsten halogen (high-intensity standard) lamp which produced a

color temperature of 2100 K. The current was sunk and measured by the

Keithley 228 in the active load mode, while the voltage was measured by

the Keithley 195. Again, the I vs V data were collected by computer.

The computer code used to obtain these data was written and optimized

during the course of the numerous measurements.

5-4
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6. EXPERIMENTAL DATA OBTAINED USING HIGH-TEMPERATURE APPARATUS

6.1. INTRODUCTION

The dark and illuminated I vs V characteristics of a number of

different types of cells were investigated as a function of temperature.

Typically, the temperature range over which data were obtained was from

300 to -550 K, the upper limit of the hot plate on which the cell appa-

ratus was mounted. In some cases, the upper temperature limit was low

owing to cell failure. While some of the cells may have failed because

of inherent problems, it is believed that most of the failures arose

from differences in differential thermal expansion. If the top section

of the apparatus was screwed on so that it made very tight contact with

the top part of the cell, then there would have been little room for

expansion as the cell warmed. In particular, this may have caused prob-

lems near the melting temperature (-200'C) of the solder us3d to attach

the cell to the header. Generally, if the cell sur-led to the maximum

temperature, additional I vs V characteristics were taken after cooling

the cell to room temperature to check for reproducibility.

The current and voltage ranges explored for the dark I vs V experi-

ments were as broad as possible in order to observe the temperature

dependence of the transport mechanisms (for example, through the behav-

ior of A with temperature) as well as series and shunt resistance
0

effects. The minimum current in these experiments was that necessary

to achieve approximately 0.001-V drop across the cell. The maximum

current was typically the upper limit of the Keithley 228 voltage/

current source, namely 10 A.
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6.2. EXPERIMENTAL DATA

This section presents the high-temperature dark and illuminated I

vs V characteristics obtained on the InGaAs, GaAs, and Si cells. For

the dark measurements, the data are plotted as log 10 (I) vs V, while for

the illuminated measurements, the data are plotted as I vs V. Associ-

ated with each of the dark I vs V plots are the values for saturation

current density J and diode ideality factor A at each temperature,
0 0

derived by fitting the data to the equation

I =j= Jo [exp (AT) 1 (6-1)Cell Area k

The current region over which the least squares fit was performed is

also noted. For each of the illuminated I vs V data sets, there are

tabulations of the short circuit current I , open circuit voltage V ,..- scoc

current at maximum power point I mp, voltage at maximum power point Vmp

maximum power P , and fill factor FF. The incident power density fronmp

the 2100 K color temperature lamp was not determined. The primary goal

of the illuminated I vs V experiments was to examine the relative tem-

perature dependence of the above factors and, in particular, the short

circuit current, which is a function of the temperature dependence of

the band gap.

A list of all the cells studied in detail is given in Table 6-1.

Each set of data is discussed below.

6.2.1. InGaAs Cell 706455

This cell exhibited a fairly low shunt resistance of -30 Q, causing

the flat part of the dark I vs V curve between 0.2 and 0.6 V, and appre-

ciable series resistance for I > I A, which resulted in the bending of

the curve (Fig. 6-1, Table 6-2*). Both the series and shunt resistances

*Figures and tables are located it the end of this section.
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changed in a complicated fashion with temperature. The before (706455a)

and after (706457a) thermal cycling dark I vs V curves at room tempera-

ture (Fig. 6-2) suggest a desired increase in shunt resistance and

decrease in series resistance, for unknown reasons. The effect of the

shunt resistance and its complicated temperature dependence is evident

in the illuminated I vs V curves (Fig. 6-3). From those data, I is
sc

seen to increase by 37% between 301 and 466 K (Table 6-3). The theory

previously discussed predits an increase of 36% in I , which is insc

close agreement.

6.2.2. InGaAs Cell 706463

This cell exhibited fairly high shunt and reasonably low series

resistance, although the 130'C data showed an erratic behavior for

I > I A (Fig. 6-4, Table 6-4). The illuminated I vs V data (Fig. 6-5)

behaved in a reasonable and monotonic manner. Both the data and theory

yield an increase in I between 299 and 405 K of 22% (Table 6-5).
sc

6.2.3. InGaAs Cell 706472

This cell showed negligible series resistance effects (Fig. 6-6,

Table 6-6), but some complicated temperature dependence in the low-

current dark I vs V characteristics is evident. The before (706472b)

and after (706472t) thermal cycling room temperature dark I vs V curves

(Fig. 6-7) are in good agreement for low and high currents but exhibit

significant disagreement for intermediate currents. This leads to the

large disparity in V between the before (706472c) and after (706472u)
oc

illuminated I vs V data (Fig. 6-8), although the I values are essen-
sc

tially identical. The data give an I which increases by 26% between
sc

307 and 452 K (Fig. 6-9, Table 6-7), whereas theory predicts a somewhat

larger increase of 32%.
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6.2.4. GaAs Cell 706481

The dark I vs V data indicate low shunt resistance and negligible

series resistance effects, except possibly at high currents above 190'C

(Fig 6-10, Table 6-8). This sample underwent thermal cycling from room

temperature (706481a, 706481b) to high temperature (706481s, 706481t)

to room temperature (706481u, 706481v) and back to high temperature

(706481w, 706481x) (Figs. 6-11, 6-12). Except for the high current part

of set 706481u, the data are extremely reproducible, in contrast to most

of the InGaAs data collected. The illuminated I vs V curves behave in

a reasonable, monotonic fashion (Fig. 6-13). The data show that Isc

increases by 57% between 299 and 513 K (Table 6-9), while theory pre-

dicts 54%, which is in excellent agreement.

6.2.5. GaAs Cell 706482

The dark I vs V data were extremely well behaved (Fig. 6-14,

Table 6-10), with no series resistance effects evident and no appre-

ciable shunt resistance. Both the dark and the illuminated I vs V

curves before (706482a, 706482b) and after (706482u, 706482v) thermal

" cycling essentially lay on top of one another (Figs. 6-15, 6-16). The

illuminated I vs V curves showed the expected temperature dependence

(Fig. 6-17). Between 301 and 501 K, I increased by 51%, close to theSC

theoretically predicted increase of 54% (Table 6-11).

6.2.6. Si Cell 706480

This cell exhibited considerable series resistance effects in the

dark I vs V characteristics for I > 0.5 A (Fig. 6-18, Table 6-12), lead-

ing to the decrease in slope at high currents. The monotonic dark I

vs V data resulted in reasonable illuminated I vs V data (Fig. 6-19).

Between 302 and 425 K, I increased by 24% (Table 6-13), somewhat above

the theoretically predicted increase of 15%.

6-4
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6.2.7. Si Cell 706452

The dark I vs V data (Fig. 6-20, Table 6-14) indicate rather appre-

ciable series resistance effects for I > 1 A and essentially negligible

shunt resistance effects. The data behave in an expected monotonic

fashion. The dark I vs V data obtained before (706425b) and after

(706453k) heating are almost identical (Fig. 6-21). No illuminated

data were collected for this cell.

6.2.8. Si Cell 706458

The temperature dependence of these dark I vs V curves was reason-

able and monotonic (Fig. 6-22, Table 6-15), although appreciable series

resistance was evident for I > 1 A. The dark and illuminated data col-

lected before (706458a, 706458b) and after (706458s, 706458t) heating

(Figs. 6-23, 6-24) were extremely reproducible. No anomalous behavior

is evident in the illuminated I vs V curves (Fig. 6-25). Between 308

and 474 K, I increased by 34% (Table 6-16), whereas the theoreticalSC

expectation was 22%.

6.3. EXPERIIMENTAL DATA ANALYSIS

Based on the previously discussed I vs V characteristics taken as a

function of temperature, a number of general conclusions can be formed.

The InGaAs cells appeared to be the least reproducible cells in terms of

their dark and illuminated I vs V characteristics before and after heat-

ing. In one case, the changes were appreciable over the entire current

range, while in another case, changes were evident over a fairly limited

range. In contrast, the Si and GaAs cells showed essentially no changes

with thermal cycling. The reason for the irreproducibility of the

InGaAs results upon thermal cycling is unclear but may arise from the

more complicated construction of the InGaAs cells compared with either

the GaAs or Si cells. In addition, the fabrication of InGaAs cells is

still in its infancy compared with the more mature technologies of GaAs

and Si cell syntheses. It is surmised that the cause of the complicated

0- 3
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temperature dependence of the I vs V curves for the InGaAs cells is the

same as that associated with the irreproducible thermal cycling results.

Again, the temperature dependence of the I vs V curves of the Si and

GaAs cells was reasonable and monotonic.

Another unknown indirectly explored in this study is the tempera-

ture dependence of the band gap of the InGaAs cells, which leads to the

temperature dependence of the photogenerated (short circuit) current.

The assumptions concerning their temperature dependence were presented

in Section 4.2. These assumptions were more or less substantiated by

the measured temperature dependence of the short circuit current, which

was in very good agreement with that predicted by the theoretical model.

The values of the temperature dependence of I for the GaAs cells were
* sc

also close to those predicted by theory, while the values for the Si

cells were somewhat in disagreement.
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DARK I vsV 706455
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Fig. 6-1. Dark I vs V for InGaAs cell 706455 at various temperatures

NI.



TABLE 6-2

TEMPERATURE DEPENDENCE OF Jo AND A o DERIVED FROM THE

DARK I VS V DATA OF InGaAs CELL 706455

T.J

[K (0 C)] (A/cm) A Fitting Regime
0

-7
301 (28) 1.184 x 10 2.26 0.1 A < I < 1 A

-7
323 (50) 3.608 x 10 2.17

-6348 (75) 1.518 x 10 2.12

366 (93) 1.737 x 106 1.95
-6

386 (113) 8.804 x 10 2.02
-5

405 (132) 2.824 x 10 2.04
-5

*425 (152) 3.794 x 10 1.89

445 (172) 4.878 x 10 1.76

466 (193) 2.096 x 10- 4  1.87
-10

300 (27) 2.406 x 10 1.60
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TABLE 6-3

TEMPERATURE DEPENDENCE OF PARAMETERS DERIVED FROM THE ILLUMINATED
I VS V DATA OF InGaAs CELL 706455

T SC OC mp mp mp
[K (0C)I (mA) (V) (mA) (V) (mw) FF

*302 (29) 35.2 0.696 20.6 0.4055 8.35 0.341

328 (54) 37.1 0.659 21.7 0.3915 8.50 0.348

353 (80) 38.8 0.623 23.8 0.3651 8.69 0.360

371 (98) 40.5 0.665 33.5 0.5442 18.2 0.817

387 (114) 40.9 0.563 25.0 0.3508 8.77 0.381

408 (135) 42.5 0.536 25.7 0.3565 9.16 0.402

*428 (155) 44.7 0.549 36.9 0.4242 15.6 0.636

446 (173) 46.5 0.507 38.7 0.3995 15.5 0.656

469 (196) 47.9 0.464 38.1 0.3476 13.2 0.594
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OarH I vs V 706463

0

-2 1 - 25C
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Fig. 6-4. Dark I vs V for InGaAs cell 706463 at various temperatures
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Fig4. 6-5. illuminated I vs V for ln~aAs cell 706463 at variouIs
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TABLE 6-4
TEMPERATURE DEPENDENCE OF Jo AND A0 DERIVED FROM THE

DARK I VS V DATA OF LnGaAs CELL 706463

TJ
T 02

[K (0C)] (A/cm )A Fitting Regime
0

298 (25) 6.786 x 10-1 1.49 0.3 A < I < 10 A

323 (50) 7.024 x 10-10 1.47

346 (73) 9.094 x 10- 1.71

367 (94) 4.841 x 10- 1.71
-6

384 (111) 2.835 x 10 1.81
-6

-- 403 (130) 3.978 x 10 1.76
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TABLE 6-5
TEMPERATURE DEPENDENCE OF PARAMETERS DERIVED FROM THE ILLUMINATED

I VS V DATA OF InGaAs CELL 706463

I V I V P

T sc oc mp mp mp
[K (0C)] (mA) (V) (mA) (V) (mW) FF

299 (27) 32.1 0.654 27.2 0.4662 12.68 0.604

324 (51) 33.7 0.640 29.3 0.4422 12.96 0.601

347 (74) 35.5 0.623 29.5 0.4478 13.21 0.597

" 368 (95) 37.1 0.602 30.9 0.4307 13.30 0.595

385 (112) 38.4 0.583 31.3 0.4192 13.12 0.586

405 (132) 39.2 0.554 32.0 0.3890 12.45 0.573
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Fig. 6-6. Dark I vs V for InGaAs cell 706472 at various temperatures
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(700472b) and after (706472t) heating
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TABLE 6-6
TEMPERATURE DEPENDENCE OF J0 AND A0 DERIVED FROM THE

DARK I VS V DATA OF InGaAs CELL 706472

T a 2 AFtigRgm
[K (0C)I (A/cm AitngRgm

306 (33) 8.961 x 10O9 1.67 1 A < I < 10 A

-. 319 (46) 4.508 x 10-8 1.70

340 (67) 2.284 x 10O7 1.69

360 (87) 1.194 x 106 1.70

385 (112) 7.641 x 10-6  1.71

408 (135) 3.578 x 10- 1.74

428 (155) 1.669 x 10~ 1.81

-- 452 (179) 7.390 x 10~ 1.89

471 (198) 2.231 x 10-415

301 (28) 3.406 x i1 1.25
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Fig. 6-8. Illuminated I vs V for InGaAs cell 706472 taken before
(706472c) and after (706472u) heating
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Fig. 6-9. Illuminated I vs V for InGaAs cell 706472 at various
temperatures
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I.

T UDTABLE 6-7

TEMPERATURE DEPENDENCE OF PARAMETERS DERIVED FROM THE ILLUMINATED
I VS V DATA OF InGaAs CELL 706472

,T IV I V P

T sc oc mp mp mp
[K (0C)j (mA) (V) (mA) (V) (roW) FF

307 (34) 45.1 0.5312 36.4 0.4041 14.7 0.614

321 (48) 45.8 0.4956 35.6 0.3765 13.4 0.590

341 (68) 48.1 0.4806 40.4 0.3602 14.6 0.632

361 (88) 49.6 0.4489 43.1 0.3272 14.1 0.633

385 (112) 51.4 0.4082 43.0 0.3042 13.1 0.623

408 (135) 53.4 0.3742 43.3 0.2756 11.9 0.596

429 (155) 55.3 0.3388 44.7 0.2380 10.6 0.568

452 (179) 57.1 0.2963 44.7 0.1973 8.82 0.521

471 (198) 57.9 0.2306 36.1 0.1430 5.16 0.387

301 (28) 45.2 0.7525 37.5 0.5858 22.0 0.647
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Dark I ye V 706481
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Fig. 6-10. Dark I vs V for GaAs cell 706481 at various
temperatures
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TEMPEATURETABLE 6-8

TEMPERATURE DEPENDENCE OF Jo AND Ao DERIVED F&OM THE
DARK I VS V DATA OF GaAs CELL 706481

T Jo 2
[K (0C)] (A/cm) A Fitting Regime

298 (25) 5.508 x 10- 2 0  0.97 0.1 A < I < 10 A

322 (49) 1.743 x I017 1.00

348 (75) 2.163 x 10-15 0.99

378 (103) 1.145 x 10- 13 1.01

396 (123) 1.311 x 10- 12 1.01

420 (147) 2.054 x 10 1.01

441 (168) 1.740 x 10-10 1.02

462 (189) 2.477 x 109 1.06 0.1 A < I < 3 A

482 (209) 9.037 x 10 1.02

510 (237) 4.645 x 108 1.01
" -18

298 (25) 2.725 x I0 1.05
-7

517 (244) 4.921 x 10 1.15
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Fig. 6-11. Dark I vs V for GaAs cell 706481 taken at low (706 481a),
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Light I vs V 706481
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Fig. 6-13. Illuminated I vs V for GaAs cell 706481 at various
temperatures
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TABLE 6-9

T"APERATURE DEPENDENCE OF PARAMETERS DERIVED FROM THE ILLUMINATED

I VS V DATA OF GaAs CELL 706481

I V I V P
T sc oc mp mp mp

[K (0C)] (mA) (V) (mA) (V) (mW) FF

299 (26) 21.1 0.9888 19.6 0.8528 16.7 0.800

324 (51) 22.5 0.9428 20.9 0.8068 16.9 0.797

348 (75) 23.8 0.8963 21.9 0.7681 16.8 0.788

375 (102) 25.4 0.8458 23.3 0.7162 16.7 0.777

398 (125) 26.5 0.8062 24.3 0.6736 16.4 0.768

422 (149) 27.8 0.7603 24.7 0.6433 15.9 0.752

441 (168) 28.9 0.7219 25.7 0.6025 15.5 0.743

464 (191) 30.3 0.6798 27.4 0.5454 14.9 0.723

481 (208) 31.0 0.6528 27.5 0.5292 14.6 0.721

513 (240) 33.1 0.5878 28.4 0.4727 13.4 0.689

299 (26) 21.6 0.9828 20.2 0.8360 16.9 0.796

517 (244) 33.1 0.5735 28.6 0.4501 12.9 0.680
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TABLE 6-10
TEMPERATURE DEPENDENCE OF Jo AND A o DERIVED FROM THE

DARK I VS V DATA OF GaAs CELL 706482

J
T 0 2

[K (°C)] (A/cm) A Fitting Regime

-23
299 (26) 6.056 x i0 0.83 0.3 A < I < 10 A

331 (58) 2.897 x i019 0.85

353 (80) 2.806 x i10 0.86

376 (103) 2.078 x I0 5  0.88

398 (125) 8.436 x 1014 0.90

419 (146) 1.909 x 10- 12 0.91

440 (167) 3.020 x 1 0
-  0.93

458 (185) 4.124 x 10 0.96

480 (207) 3.369 x 10-  0.97

501 (228) 1.972 x 10- 8  0.97

299 (26) 1.512 x iO21 0.89
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TABLE 6-11
TEMPERATURE DEPENDENCE OF PARAMETERS DERIVED FROM THE ILLUMINATED

I VS V DATA OF GaAs CELL 706482

I V I V P
T sc oc mp mp mp

[K (°C)I (mA) (V) (mA) (V) (mW) FF

301 (28) 21.6 0.9745 20.3 0.8418 17.1 0.812

332 (59) 23.1 0.9182 21.5 0.7949 17.1 0.806

354 (81) 24.2 0.8762 22.6 0.7481 16.9 0.797

377 (104) 25.4 0.8330 23.5 0.7112 16.7 0.789

399 (126) 26.6 0.7903 24.5 0.6673 16.3 0.775

420 (147) 27.7 0.7492 24.9 0.6361 15.8 0.761

* 440 (167) 28.8 0.7089 25.6 0.5977 15.3 0.749

460 (187) 30.1 0.6694 27.0 0.5489 14.8 0.735

481 (208) 31.3 0.6301 27.8 0.5126 14.2 0.720

501 (228) 32.5 0.5888 28.8 0.4677 13.5 0.705

300 (27) 21.5 0.9749 20.1 0.8365 16.8 0.802

k62
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TABLE 6-12
TEMPERATURE DEPENDENCE OF J0 AND A0 DERIVED FROM THE

DARK I VS V DATA OF Si CELL 706480

TJ
T 02

1K (0C)] (A/cm )A Fitting Regime
0

301 (28) 1.728 x 10- 1.38 lo- A < I < 0.1 A

326 (53) 1.640 x 10-8 1.36

355 (82) 1.727 x 10 1.34

377 (104) 8.135 x 107 1.31

vu403 (130) 4.377 x 10-6 1.30

425 (152) 1.514 x 10 ~ 1.29

446 (173) 4.409 x 10 ~ 1.27
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TABLE 6-13

TEMPERATURE DEPENDENCE OF PARAMETERS DERIVED FROM THE ILLUMINATED

I VS V DATA OF Si CELL 706480

I V I V P
T sc oc mp mp mp

[K (°C)] (mA) (V) (mA) (V) (mW) FF

302 (29) 32.3 0.6409 29.5 0.5303 15.64 0.756

327 (54) 33.5 0.5938 29.8 0.4888 14.57 0.732

355 (82) 35.2 0.5415 31.5 0.4268 13.45 0.706

378 (105) 36.7 0.5006 31.5 0.3932 12.38 0.674

403 (130) 38.4 0.4590 33.2 0.3440 11.42 0.648

425 (152) 40.0 0.4209 33.5 0.3125 10.47 0.622
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TABLE 6-14
TEMPERATURE DEPENDENCE OF Jo AND A0 DERIVED FROM THE

DARK I VS V DATA OF Si CELL 706452

TJ
T 02

[K (0C0I (A/cm )A Fitting Regime
0

299 (26) 4.581 x i121 1.10 0.01 A < I < 0.3 A

326 (53) 1.788 x 10-1 1.11

343 (70) 1.034 x 10- 1.09

365 (92) 1.213 x 10 8  1.08

385 (112) 8.069 x 10-8  1.08

412 (139) 7.699 x 101.08

435 (162) 4.610 x 106 1.07

460 (187) 1.972 x 10 ~ 1.05

490 (217) 1.517 x 10 1.07

307 (34) 1.478 x 10 ~ 1.10

6-31



Dark I ve V 706452

0

. Applied Solar Si Call o -

0
0

a
-1 0

o o o o 
0 0 0 0

aa

a, -3

0

-2 a

-4 0

0
U 

00

-5 7

-6 ~ "-o° 706425b T-29C -

0a

i-4 0 I0

o 6 0
0a

a .1 .2 .3 .4 .5 .5 .7 .5 .

VOLTAGE (V)

Fig. 621. Dark I vs V for Si cell 706452 taken before (706425b) and
after (706453k) heating

DARK I v0 V 706458

Qa

-2 5

-5

-6 Applied Solar S1 Call

~~~~-7 I I
0 .1 .2 .3 .4 .5 .6 .7 .6 .9

VOLTAGE (V)

Fig. 6-22. Dark I vs V for Si cell 706458 at various temperatures

6-32



- - - - - T '-

r.

TABLE 6-15
TEMPERATURE DEPENDENCE OF J. AND A o DERIVED FROM THE

DARK I VS V DATA OF Si CELL 706458

JT 2
[K (0C)1 (A/cm2) A Fitting Regime

-I0

301 (28) 1.328 x 10-10 1.25 0.03 A < I < 0.6 A

331 (58) 3.415 x 10 1.22

351 (78) 2.003 x 10 8  1.20

370 (97) 1.024 x 10 1.19

386 (113) 3.755 x 10 1.18

413 (140) 2.646 x I06 1.17

432 (159) 9.213 x I0 1.16
-5

451 (178) 3.093 x 10 1.1654 0-5

470 (197) 9.542 x I0 1.16

299 (26) 1.456 x 10-10 1.26
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TABLE 6-16
TEMPERATURE DEPENDENCE OF PARAMETERS DERIVED FROM THE ILLUMINATED

I VS V DATA OF Si CELL 706458

IV I V P
T sc oc mp mp mp

[K (0 C)I (mA) (V) (mA) (V) (mW) FF

308 (35) 116 0.632 106 0.5376 56.99 0.777

335 (62) 122 0.583 ill 0.4848 53.81 0.757

354 (82) 126 0.546 117 0.4437 51.91 0.755

373 (100) 132 0.511 120 0.4119 49.42 0.733

390 (117) 136 0.481 121 0.3898 47.17 0.721

415 (142) 143 0.432 126 0.3392 42.74 0.692

434 (161) 146 0.394 126 0.3052 38.45 0.668

453 (180) 153 0.359 132 0.2674 35.33 0.643

474 (201) 156 0.318 131 0.2304 30.19 0.609

301 (28) 113 0.645 101 0.5657 57.14 0.784

L

6.-
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7. HIGH-TEMPERATURE TPV EFFICIENCY

Using the theoretical model previously discussed and the values of

J and A derived from the measured dark I vs V characteristics, the
0 0

expected temperature dependence of the TPV efficiency was calculated.

The results of these calculations are plotted in Figs. 7-1 through 7-3

for emitter temperatures of 1700, 1900, and 2100 K. For each emitter

temperature, the dependence of -Tp V on cell temperature for three

InGaAs, one GaAs, and two Si cells is presented. For each plot, a

weighted parasitic absorption of 5% is assumed, since it is probably

a reasonable goal that can be attained.

What is most striking about these results is the apparent over-

riding advantage of InGaAs cells with band gaps of 1.15 and 1.20 eV com-

pared with GaAs and Si cells. Typically, the InGaAs cells have a TPV

efficiency which is -40% higher than that of Si cells. The GaAs cells

approach the TPV efficiency of the InGaAs cells only at high emitter and

cell temperatures. For example, for an emitter temperature of 2100 K,

n TPV for GaAs reaches the InGaAs value of qTPV only for cell tempera-

tures above -550 K. For a lower emitter temperature of 1900 K, the

crossover temperature appears to be close to 65) K.

The TPV efficiency decreases approximately linearly with increasing

cell temperature. The rate of decrease is approximately the same for

the InGaAs and the Si cells. In contrast, the rate of decrease is much

smaller for the GaAs cells owing to the higher band gap aud concomitant

nsmaller increase in dark current with temperature. A summary of these

results is presented in Table 7-1. From this compendiuA, it is also

clear that Ar TPV/ATCELL increases significantly with increasing emitt-r

temperature.
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TABLE 7-1
DECREASE IN TPV EFFICIENCY WITH INCREASING CELL

TEMPERATURE ASSUMING A = 0.05
par

An~p
~TPV
A1TCell GA Emitter Temperature CELL

Type Code (K) (%/K)

InGaAs 706455 2100 0.061
1900 0.048
1700 0.029

InGaAs 706463 2100 0.050
1900 0.042
1700 0.033

InGaAs 706472 2100 0.071
1900 0.059
1700 0.045

GaAs 706481 2100 0.032
1900 0.018
1700 0.008

Si 706480 2100 0.063
1900 0.052
1700 0.037

Si 706452 2100 0.071
1900 0.059
1700 0.044
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The rate of increase of n with increasing emitter temperature is
TPV

significantly greater for the higher band gap GaAs cell than for the

InGaAs and Si cells. This difference arises primarily from the rapidly

increasing value of Ah for GaAs compared with InGaAs and Si.

It is also informative to examine the temperature dependence of the

various power (or heat) flows that are important in the TPV energy con-

version system. As discussed in Section 4.6, the external source of

power must supply an amount equal to the power absorbed to keep the

emitter temperature constant. Recall that

Pinc = ref + Pabs (7-1)

Pabs Pout Pheat

and

p
_out

Pout (7-3)

.TPV P
abs

Using the dark I vs V characteristics of InGaAs cell 706455 as

input to the TPV efficiency computer program, the cell temperature

dependence of the above quantities was calculated, assuming A 0.05
par

and an emitter temperature of 2100 K (Fig. 7-4). The incident power of
2

110.3 W/cm is that calculated by using the blackbody law with a black-

body temperature equal to 2100 K. With increasing cell temperature,
TPV P and P all decrease and P and P increase. Between

TP'ref' out abs heat
301 and 466 K, nTPV decreases by 36%, while the power output decreases

by only 6%. The reason that TTPV decreases so much is that the power

absorbed increases by 28% and the power rejected as heat increases by

49%. Thus, between 301 and 466 K, 28% more power must be supplied by

the external source of power to keep the emitter at 2100 K, while the

electrical power output decreases by 6%.
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8. TPV EFFICIENCY MEASUREMENTS

TPV efficiency measurements were directly measured using the TPV

test apparatus designed and built by Professor R. M. Swanson of Stanford

University. Experiments were performed using the cells listed under GA

* in Table 8-1. Data obtained by Professor Swanson are also shown in the

table.

The illuminated I vs V characteristics of these cells are displayed

in Fig. 8-1. The larger value of I for the lower band gap cell and
sc

the larger value of V for the higher band gap cell are in accord with
oc

expectations. The increase in short circuit current that occurs when

the emitter temperature is increased from 1900 to 2000 K is somewhat

misleading in that the total incident power is greater at 2000 K than at

1900 K.

The TPV efficiency was calculated from the following equation:

Pout Pout

-TPV o P out (8-1)
abs out heat

where Pout is the power output generated by the cell at the maximum

power point and Pheat is the power absorbed as heat by the cell and

detected by the calorimeter part of the TPV test apparatus. The total

power absorbed by the cell is then just the sum of the above two terms.

The TPV efficiencies calculated in this way are listed in Table 8-i.

8-1
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Fig. 8-1. Illuminated I vs V data obtained in TPV test apparatus
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With nTPV known, the weighted parasitic absorption Xar was calcu-

lated. The ratio of A /A can be calculated using
par ph

par use elec -2)% - - I ,(8-2

Aph "TPV

where el and n are mpisured and n is calculated from the pre-

viously developed theory. Using the fact that the fraction of incident

power that is absorbed leads to electricity and heat generated in the

cell, the total weighted absorptivity of the cell A was then calculated:

S + - heat + Pout (8-3)
par ph P. 'inc

where P is the total incident power. Since P + P P and
inc heat out abs

P. are both known, Eqs. 8-2 and 8-3 are two equations in two unknowns

which can be solved for A and A . The values of A derived in
par ph par

this way are shown in Table 8-1 along with the experimentally measured

n elec factors.

Comparing these results with Swanson's data for Si p-i-n TPV cells

optimized for low parasitic absorption, it is apparent that A for the
par

InGaAs cells is significantly higher than that for the Si cells. This

high value is likely due to the absence of a high-quality mirror on the

back surface of the cell as well as to free carrier absorption associ-

ated with the thick, heavily doped GaAs substrate on which the cells are

grown. It should be stressed that these InGaAs cells are research con-

centrator cells that have been designed for use in concentrated sunlight

and have not been fabricated for thie purpose of achieving low parasitic

absorption and high TPV efficiency.

The electrical efficiency factor n elec for the InGaAs cells is com-

parable to the best values attained from the Si p-i-n TPV cells. The
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closely related fill factor FF of the InGaAs cells was typically -77%,

which is quite high and indicative of the relatively low series and high

shunt resistance of these cells in this range of interest. This indi-

cates that the electrical properties of these cells at the high cur-

rent levels expected in a realistic TPV system environment would be

excellent.

If the parasitic absorption of the cells studied were reduced from

-68% to -5%, typical of Swanson's best Si TPV cells, then keeping all

other factors constant, the TPV efficiency would rise from 3.6% to 25%

for InGaAs cell 706428 at T =-2000 K. Using an InGaAs optimized for
E

an emitter temperature of 1900 K, i.e., E 0.9 eV, would result in
g

nTpV = 34.5%. This assumes nl 55.0%, as previously measured,

Apar  5%, and the values of Aph 17% and n u 81% calculated theo-

retically. This value of nTPV is in close agreement with that calcu-

lated by the theoretical model of Section 3.

The experimental data discussed above were obtained using Professor

Swanson's TPV rig when it was in his laboratory at Stanford University.

After these experiments, it became clear that scheduling conflicts would

inhibit performing further TPV efficiency experiments at that location.

Therefore, the TPV apparatus was subsequently moved and installed at GA

Technologies. After the move, some leaks were detected in the vacuum

system and repaired. In addition, some minor modifications were made in

the test apparatus itself. At the conclusion of this program, a com-

plete calibration of the system had been performed and some preliminary

tests had been made. However, these results are not discussed in this

report.

8-5

*.-. ->~p - --



9. MICROMETALLURGICAL ANALYSIS OF CELLS

To verify the expected composition of the InGaAs cells obtained

from Varian, Inc., two InGaAs cells with different compositions were

examined using SEM and EDAX. A schematic cross section of the structure

of an InGaAs cell is shown in Fig. 9-1. The top side electrical contact

primarily consists of a thick layer of Au lying on top of a Au/Pd alloy

layer which makes ohmic electrical contact to a heavily doped InGaAs

layer. An AlGalnAs window layer is present to reduce the surface recon-

bination rate. The p-n junction lies below the window layer and is fol-

lowed by a grading layer of InGaAs whose composition varies gradually

to relieve the lattice mismatch (and minimize the dislocation density)

between the InGaAs active layers and the GaAs substrate. Electrical

contact to the bottom of the GaAs substrate is made using a Au/Ge alloy.

The results of the SEM and EDAX analyses are shown in Table 9-I and

Figs. 9-2 and 9-3. In the SEM photographs, it is easy to distinguish

the top Au contact from the remainder of the cell. However, it is

difficult to distinguish the subsequent layers from each other or from

the GaAs substrate. The EDAX measurements indicate that the bulk of

the tor of these cells consists of Au, as expected. Region 5 of the

In 0.25Ga 0.75As cell (Fig. 9-2) and region 4 of the In 0.20Ga 0.80As

(Fig. 9-3) cell consist primarily of stoichiometric GaAs, with no In

present, so th.ese regions must be the GaAs substrate material.

Consider now just the In 0.25Ga 0.75As sample. ks noted above,

regions I and 2 are primarily Au, with a considerable and anomalous

amount of Pb present. The origin of the Pb is unknown, although it

may be associated with the Pb/Sn solder used to attach the cells dur-

ing the high-temperature I vs V measurements. If just the elements In,

Ga, and As are considered, region 3 corresponds to a composition of

In 0.10 Ga .87As , while region 4 corresponds to In .24Ga .(I\s. The
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Fig. 9-2. SEN photograph of a cross section of the top 7,.rn of
In0 m5GaO. 75As cell 706472, Varian No. 30M 1823 44

mohm
i*1

Fig. 9-3. SEM photograph of a cross section of the top 7 urn or
InO.0 9Ga0  0 As cell, Varian No. 30M 1823:4
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region 4 composition is very close to the expected nominal composition

of the p-n active layers of In 0.2 5Ga0. 7 5As. The presence of 5% Al in

regions 3, 4, and 5 is unexpected but may be due to diffusion of Al into

the bulk from the AlGaInAs window layer.

The In Ga As cell studied seems to have fewer impurities
0.20 0.80

present than the sample just discussed. Again, if just In, Ga, and As

are considered, region 3 corresponds to a composition of In Ga As,
0.17 0.97

while region 4 corresponds to In 0.14GaAs, in close agreement with the

nominal composition. The relatively high proportion of Al in region 2

may be due to the proximity of region 2 to the AlGalnAs window layer.
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10. ANALYSIS OF InGaAs CELLS FOR TPV SPACE POWER PRODUCTION

This section applies the data previously discussed in this report

to a typical space prime power system. By this means, one can weigh the

merits of TPV power conversion systems compared with those of space

prime power systems using thermoelectrics or thermionics.

10.1. BACKGROUND

In 1983 a study of a space prime power system utilizing TPV power

conversion was completed for NASA (Ref. 10-1). This study used a modi-

fied version of the SP-100 reactor, a TPV power conversion system, and

an aluminum heat pipe radiator. The nominal power output of the SP-100

reactor was 1100 kW(t).

The study discussed in detail the modification necessary to change

the SP-100 reactor from the reference thermoelectric configuration to a

TPV configuration. This change was primarily pointed toward increasing

the reactor operating temperature capability from the reference 1400 to

2100 K. A conceptual sketch of the modified SP-100 reactor with a TPV

power conversion system is shown in Fig. 10-1. The power output of this

system using TPV power conversion was estimated to be 184 kW(e).

Table 10-1 lists the mass of each of the major system components

for the modified SP-100 system with TPV power conversion. The total

mass was estimated to be 1742 kg, which would result in a system spe-

cific mass (a) of 9.43 kg/kW. This system specific mass compares with

projected goals for a in the range of 20 to 25 kg/kW for both thermo-

electric and thermionic systems.

The TPV power conversion system used in the Ref. 10-1 study sug-

gested the use of a variable band gap photovoltaic cell containing AlSb,
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TABLE 10-1

TPV POWER SYSTEM MASS

Reactor power, kW(t) 1100

Power output, kW(e) 184.7

Reactor mass, kg 400

Radiator and TPV cell mass, kg 759

Shield mass, kg 380

High-temperature coupling heat pipe mass, kg 45

Structure mass, kg 158

Total mass, kg 
1742

(a) 1742 k
172=9.43 kg

ca = 184.7
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GaSb, and InAs. Since no such cell or cell data were known to exist at

that time, the calculations of conversion efficiency were based on esti-

mated values for the cell parameters. During the present program, as

' discussed in Section 7 of this report, data have been obtained on cells

which are applicable to this system. Therefore, comparison can now be

made between the previous specific mass estimate made using estimated

cell parameters and the specific mass estimate based on data from actual

photovoltaic cells.

10.2. ESTIMATE OF SYSTEM SPECIFIC MASS

The information on component mass presented in Ref. 10-I was used

as the basis for estimating the system specific mass (a) for TPV systems

using TPV cells constructed with properties similar to those tested in

this program. These cells would, of course, have to be optimized for

TPV applications.

The reactor power of the system was held constant at 1100 kW(t).

This allowed both the reactor and shield masses to remain the same as

shown in Table 10-I. The radiator mass was then adjusted to compensate

" for changes in area required to accommodate the necessary changes in

*,.. both rejected heat and radiator surface temperature. The change in

rejected heat is a linear effect, while the change in surface tempera-

* ture is inversely proportional to the fourth power of the absolute

temperature.

In this study the radiator was assumed to be made of aluminum as

was the case in the Ref. 10-i study. This means that the maximum radia-

tor temperature is limited by strength considerations to about 625 K or

a cell temperature of about 675 K. The cell operating temperatare is

likely to be limited to a somewhat lower value, 600 to 650 K, for the

GaAs and InGaAs cells and even lower, 450 K, for the Si cells. These

cell temperature limitations are a result of either material diffusion

within the cell or, as in the case of Si, attack of the metallic

10-4
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electric contacts and are based on information previously reported in

Ref. 10-1.

Figures 10-2 through 10-4 present the estimated system specific

mass as a function of TPV cell temperature for emitter temperatures of

2100, 1900, and 1700 K, respectively. In all cases the study assumed

that the weighted parasitic absorption is 5% and that there is a 50 K

temperature drop between the cell temperature and the radiator surface

temperature. The four cells used as a basis for the study are listed in

Table 10-2.

In Fig. 10-2, it can be seen that the InGaAs reaches a minimum

specific mass of about 9.94 kg/kW at about 595 K. The higher band gap

GaAs cell reaches nearly the same minimum, but at about a 100 K higher

temperature. The lower band gap InGaAs cell reaches its minimum of just

under 13 kg/kW at about 550 K, while the Si cell reaches its minimum of

about 20 kg/kW at about 500 K. Since the Si cell temperature was lim-

ited to 450 K, the minimum attainable specific mass would be about

22 kg/kW.

The temperature at which the specific mass is a minimum is depen-

dent on the negative slope of the efficiency versus cell temperature

curve. Since the GaAs cell has the lowest slope of the cells tested,

it always optimizes at a higher cell temperature.

The minimum of 9.94 kg/kW for the 1.2-eV InGaAs cell compares

favorably with the predicted value of 9.43 kg/kW estimated in the

Ref. 10-1 study for the same emitter temperature. The estimated spe-

cific mass for all of the systems is at or below the projections for

other space prime power systems.

Figures dnd 10-4 show the specific mass relationship at lower

emitter temperatures. As expected, the specific mass increases as the

emitter temperature decreases. At temperatures below 1900 K, the system

10-5
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TABLE 10-2
SYSTEM SPECIFIC MASS STUDY CELLS

Band Gap (300 K)

Cell Number Material (eV)

706481 GaAs 1.4

706455 InGaAs 1.2

706472 InGaAs 1.15

706452 Si 1.1

10-9
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using Si cells no longer appears to be competitive in specific mass with

other space prime power systems.

The InGaAs and GaAs systems appear to remain at system specific

masses which are lower than those of other space prime power systems

until emitter temperatures below 1700 K. The 1.2-eV band gap InGaAs

cell appears to provide the best system specific mass at lower emitter

temperatures. While the GaAs-cell provides a low specific mass, it

tends to reach its minimum at cell temperatures above the 650 K

materials limit.

1
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11. RECOMENDATIONS FOR CONTINUED WORK

The TPV efficiencies for the InGaAs cells studied during this

program would approach 40% at room temperature if the weighted parasitic

absorption could be reduced to a value near 5%. Therefore, the develop-

ment of low parasitic absorption TPV cells with an optimum band gap that

depends on the emitter temperature, cell temperature, and magnitude of

the weighted parasitic absorption is of primary importance. As pre-

viously discussed, low parasitic absorption can probably be achieved by

significantly reducing the free carrier absorption that currently arises

E -from the thick, heavily doped GaAs substrate and by the development of a

highly reflecting back surface mirror. The design and fabrication of

TPV cells with taese properties should be the focus of the next phase of

research.

It would also be useful to devise a more direct method for measur-

ing the TPV efficiency than the one used by Swanson (and GA Technolo-

gies, see Section 8), since numerous calibrations must be performed

before the TPV efficiency can be inferred. In addition, since in a

space power environment, the TPV cells would be at a high temperature

to minimize the radiator mass, a TPV efficiency measurement apparatus

should be designed and fabricated for use at high cell temperatures.

Tungsten oxide forms when the tungsten emitter is heated to high tem-

-7
* peratures (-2000°C) in the current vacuum system (-5 x 10 torr) of the

TPV efficiency apparatus. It subsequently is deposited on the silvered

chamber surrounding the emitter, on the pyrometer sight glass, and on

Lhe TPV cell. To reduce these problems, the measurements should be
-9

performed in an ultra-high-vacuum environment (<10 torr).

Further work should involve the investigation of emitter materials

such as tungsten, graphite, ZrC (Ref. 11-1), and selective emitters such

as Yb 23 and Er ,)3 (Refs. 11-2, 11-3, 11-4). A high emissivity of the

23 i-3
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emitter for energies above the band gap and a high absorptivity in the

below-band-gap regime are prerequisities for high TPV efficiency. A low

vapor pressure for the emitter is required for extended operation of a

TPV system since the deposition of vaporized material on the TPV cell

surface will significantly degrade the performance.

Finally, life testing of the TPV cells will be necessary. Since

the cells will be heated to temperatures as high as 500 to 600 K in a

space power system for periods as long as approximately 5 to 10 years,

it is necessary to know any failure mechanisms which may occur in the

cell material in this environment. Thus, microscopic examination and

property measurements should be performed on TPV cells that have been

subjected to a fixed high temperature for a known length of time.
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12. CONCLUSIONS

1. The specific mass of a nuclear-TPV energy conversion system is

superior to that of space prime power systems based on thermoelec-
trics or thermionics if an emitter temperature greater than -1700 K

and a weighted parasitic absorption of -5% can be attained. A sys-

tem based on InGaAs TPV cells with a band gap of 1.2 eV has a lower

specific mass than one using GaAs or Si cells. For an emitter tem-

perature of 2100 K and a weighted parasitic absorption of 5% for an

InGaAs cell with E = 1.2 eV, the specific mass attained a value of

9.94 kg/kW at a cell temperature of 595 K.

2. For a given weighted parasitic absorption of 5%, InGaAs cells have

significantly higher TPV efficiencies than GaAs or Si cells. TPV

efficiencies approaching 40% at 300 K and 26% at 500 K appear feasi-

ble for InGaAs cells with E = 1.2 eV.
g

3. A theoretical model for determining the optimum efficiency of single

and multiple band gap cells in '.PV energy conversion was developed.

This theory will provide useful guidance in choosing the appropriate

band gap cell for a given TPV energy conversion system. For a given

emitter temperature, cell temperature, and weighted parasitic

absorption, there is an optimum band gap for maximum TPV efficiency

which can be attained using the InGaAs system. The preferred route

to high TPV efficiencies is through a decrease in the weighted

parasitic absorption rather than by using multiple band gaps.
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