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Elements at Moderate Temperature
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An analysis of stacked thermophotovoltaic elements at moderate temperature is reported. The motivation is for
application to microsystems. Various numbers of layers are considered, with a variety of temperatures (varying
from 560 to 360 K) on the higher-temperature end. At the lower-temperature end, the temperature is always
held at 300 K. It is assumed that the photovoltaic (PV) material is thin, but the thickness is considered. The PV
material investigated in an earlier single-layer study (In0:8Ga0:2As) is considered, as well as Hg0:8Cd0:2Te. The
latter demonstrates absorption and PV conversion at longer wavelengths than the former. In all cases, the emitter
surface of the TPV pair is taken to be black. It is shown that both the power output and the ef� ciency of the system
increase with layering.

Nomenclature
c0 = speed of light in a vacuum, 3:0 £ 108 m/s
E¸;bi = blackbody emissive power of i th layer, W/¹m ¢ m2

Eg = bandgap energy, eV
e = electron charge, ¡1:602 £ 10¡19 C
h = Planck’s constant, 6:626 £ 10¡34 J s
Id = dark saturation current of the last layer, A/m2

Isc;i = short-circuitcurrent of i th layer, A/m2

Kb = Boltzmann’s constant, 1:381 £ 10¡23 J/K
k; k¸ = extinction coef� cient
k = thermal conductivityof photovoltaic (PV)

material, W/m ¢ K
L = thickness of intervening material layer, m
n; n¸ = refractive index
P = electrical power output, W/m2

qcond;i = conduction heat � ux of the i th layer of PV
material, W/m2

qnet;i = net heat transfer of the i th layer, W/m2

q¸0;i = spectral radiosity of the i th layer, W/¹m ¢ m2

TH = the highest temperature in the stack, K
Ti = higher temperature of the i th slab of PV material, K
Ti

0 = lower temperature of the i th slab of PV material, K
TL = lowest temperature in the stack, always taken

to be 300 K
Voc;i = open-circuitvoltage of i th layer, V
x = fraction of Ga in InGaAs or of Cd in HgCdTe
"¸ = monochromatic emissivity
´ = overall stack power generation ef� ciency, de� ned

as the total power generated divided by the heat
transfer across the � rst gap

´PV¸ = monochromatic external quantum ef� ciency
of PV material

¸ = wavelength, ¹m
¸ f;i = upper limit of the wavelength for the i th layer, ¹m
¸i;i = lower limit of the wavelength for the i th layer, ¹m
º = quantity de� ned in Eq. (11b)

Introduction

T HERMOPHOTOVOLTAIC (TPV) systems have been an ob-
ject of study for several decades. Virtually all of the attention

has been directed to high-temperature-difference systems. Some of
this work has been reviewed in a companion paper.1
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In this study attention is directed to moderate temperature sys-
tems. Speci� cally, this is motivated by the possibility that the TPV
approach might be applicable to power generation in microdevices.
In these kinds of systems, very high-temperature differences, as
are characteristicallysought to maximize power generation in TPV
systems, cannot be tolerated because of the very small dimensions
involved. For this reason, temperatures up to 560 K are chosen for
the hot side, and the cold side temperature is always assumed to be
300 K.

In a companion paper,1 the characteristicsof two distinct single-
layer systems using In0:8Ga0:2As PV material were examined. In
all cases, the net power was very small, quite characteristic of the
moderate temperatures considered.

Now consider the situation when TPV pairs are stacked. Of par-
ticular interest is to quantify the effect of layeringon both the power
output and the ef� ciency. One of the systems examined previously
[gray emitter with a In0:8Ga0:2As photovoltaic(PV) material] is con-
sideredhere,with the initialemittersurfacetakenasblack.The effect
of a smaller bandgapmaterial (Hg0:8Cd0:2Te) is also evaluated to see
what effect this may have.

Note that details of the actual PV construction, and their effects
on the performance of the system, are not considered here. One of
several forms of surface treatment will be required to allow the PV
current to be harvested. Conceptually the same analysis as will be
described subsequentlywould be used to account for these factors,
albeit with undoubtedlymodi� ed parameters.

Analysis
It is assumed that all system pairs, except for the � rst, are con-

structed of the same material. The � rst pair is assumed to consist
of a gray emitter exchanging energy with the PV material. Further-
more, this system is assumed to be parallel and in� nite. The spacing
between the pairs is large compared to the wavelength of the radi-
ation, but there are no edge losses. Radiation is the only mode of
transfer between the pairs, and the form factor between the surfaces
is taken as unity. Once the radiation is absorbed by the PV material,
however, some power is generated as dictated by the quantum ef� -
ciency. The remainder of the absorbed energy is conducted through
the PV material to be emitted on the opposite side from where it
was absorbed.

A diagram of the system considered is shown in Fig. 1. The basic
calculation approach is described in what follows.

First the spectral,blackbodyemissivepower of i th layer is written
using the Planck function (see Ref. 2):

E¸;bi D 2¼hc2
0

¸5[exp.hc0=¸ KbT 0
i ¡ 1/ ¡ 1]

(1)
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Fig. 1 System made up of a stack of PV surface pairs, except the � rst
surface, which is taken to be a gray emitter.

In this equation, i D 1; 2; : : : ; n; and T 0
0 D TH .

Then the spectralnet heat transferbetween two surfaces is found2

q¸i D
E¸;b.i ¡ 1/ ¡ E¸;bi

[1="¸.i ¡ 1/ C 1="¸i ¡ 1]
(2)

In the cases discussed here, the optical constants (n and k) will
be known, and the emissivity is calculated from those values. The
monochromatic result used is one from electromagnetic theory and
is given as2 follows:
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(3)

For this equation to hold, the square of the sine of the angle of
incidence has to be less than the sum of the squares of the optical
constants.This is found to be the case over virtuallyall wavelengths.

Irradiation on the PV surface, needed for calculating the power
production, is found from the radiosity of the opposing surface in
the in� nite parallel plate geometry,2

q¸;oi D E¸;b.i ¡ 1/ ¡ [.1 ¡ "¸i /="¸i ]q¸i (4)

Open-circuit current for the PV material can be found from the
quantum ef� ciency and the irradiation. See further discussion of
this formulation in Ref. 1.

Isc;i D
e

hc

Z
¸ f;i

¸i;i

¸´PV ¸q¸;oi d¸ (5)

In turn, the dark current at 300 K can be calculated as3

Id D 1:5 £ 109 exp.¡Eg=KbTL / (6)

where
Eg.x; T / D ¡0:302 C 1:93x C 5:35 £ 10¡4T .1 ¡ 2x/

¡ 0:810x2 C 0:832x3 (7)

for Hg1 ¡ xCdxTe (Ref. 4) and

Eg D 0:35 C 0:5x C 0:59x2 (8)

for In.1 ¡ x/Ga.x/As (Ref. 5).
Next, the open-circuit voltage for the PV material at T D 300 K

can be found,3

Voc;n D .KbTL =e/ .Isc;n=Id C 1/ (9)

All PV surfaces in the stack except the lowest temperature one will
be at temperatures above 300 K. Because the open-circuit voltage

decreases at a rate of about 0.2% with each degree of temperature
increase,3 this variation can be written as

Voc;i D [1¡0:002.Ti ¡300/]Voc;n i D 1; 2; : : : ; n ¡ 1 (10)

Then the � ll factor (FF) of the i th layer can be determined3

FFi D ºi ¡ .ºi C 0:72/

ºi C 1
(11a)

where

ºi ´
Voc;i

KbTi=e
(11b)

At this point the power output for the complete assembly can be
found by summing up the individual contributions from each sur-
face:

Ptotal D
nX

i D 1

Pi D
nX

i D 1

Isc;i Voc;i FFi (12)

Now consider the heat transfer per unit area between layers, which
is assumed to be by conduction,

qcond;i D k[.Ti ¡ T 0
i /=L] (13)

Note that the radiation between two surfaces can be found by inte-
grating Eq. (1) over all wavelengths.An energy balance is then used
to determine the intermediate temperatures:

qi ¡ q.i C 1/ D Pi (14)

qcond;i D qi C 1 (15)

In essence these two equations represent the assumption that the
power is generated at the surface of the cooler surface, removing
that amount of energy from further interaction with the stack. The
energy that remains at that point is then assumed to be conducted
through the lower-temperature material, where it becomes the ra-
diative transport for the next lower-temperaturepair (convection is
assumed to be absent). This allows the temperature on each surface
of each layer to be determined.

The number of unknown variables is reduced by expanding
Eq. (13) to express Ti in terms of T 0

i ; TH , and TL :

Ti D T 0
i C .L=k/qi C 1 (16)

At this point, the power generation ef� ciency can be found,

´ D Ptotal=q1 (17)

where the radiative heat transfer is the total value found over all
wavelengths:

q D
Z 1

0

q¸ d¸ (18)

In this work, the lowest-temperature layer TL is always taken to
be 300 K, and the highest-temperaturein the stack, TH , is taken var-
iously to be 560, 460, and 360 K. Two PV materials are studied.One
is In0:8Ga0:2As, and the other is Hg0:8Cd0:2Te. The reason for choos-
ing In0:8Ga0:2As is to compare results with Ref. 1. Hg0:8Cd0:2Te was
chosenfor comparisonherebecausetheeffectivequantumef� ciency
wavelength range for this material is 8–12 ¹m. These wavelengths
correspond more closely to the wavelength of the maximum value
of spectral emissive power at moderate temperature, according to
Wien’s displacement law.

Properties of In0:8Ga0:2As

The spectral emissivity and quantum ef� ciency for this material
were describedpreviously.1 These variationsare shown in Fig. 2 for
comparison to other properties to be introduced later. Tabulations
of the emissivity over a wider wavelength range are given in Ref. 1.

Properties of Hg0:80Cd0:20Te
Spectral Emissivity

The same approach as was used in Ref. 1 is used here to com-
pute the spectral hemispherical emissivity. To do this, the optical
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Fig. 2 External quantum ef� ciency and emissivity for the same wave-
length range of interest for In0:8Ga0:2As (Ref. 1).

Fig. 3 Refractive index n and extinction coef� cient k of Hg0:8Cd0:2Te
(adapted from Whale5 ).

Fig. 4 Emissivity of Hg0:8Cd0:2Te over a broadbandof wavelengths as
calculated from Eq. (3).

properties shown in Fig. 3 are used.5;6 They are then used with
Eq. (3) to � nd the emissivity. Variation of this property is shown in
Fig. 4 over a very broad range of wavelength. In Fig. 5, details of
the emissivity variation in the pertinent range near the bandgap for
this material are shown.

Spectral Quantum Ef�ciency

This material has been of interest to the scienti� c community for
application in infrared (IR) detectors, but has not been considered
to any extent for TPV applications. As a result the quantum ef� -
ciency has not been of particular interest to researchers. Limited
data can be found in the literature. For example, a value of 0.27 is
tabulatedby Joneset al.7 for higher temperature (comparedto liquid
nitrogen temperatures) IR detector applications.With sensitivity to
radiation in the range between 5 and 12 ¹m, this material has a
great deal of utility for this application. In lieu of more de� nitive

Fig. 5 Calculated emissivity and assumed external quantum ef� ciency
variation of Hg0:8Cd0:2Te.

Fig. 6 Power output from multilayer systems of In0:8Ga0:2As; results
for three separate highest temperatures with lowest temperature 300 K
in all cases.

information, we assume that the material demonstrates the maxi-
mum possible spectral quantum ef� ciency. That is, the quantum ef-
� ciency is the same value at each wavelength as is the absorptivity
(clearly no more power can be generated than radiosity absorbed),
which on a monochromaticbasis is the same value as the emissivity.
On a monochromatic basis, the assumed variation for the spectral
quantum ef� ciency is shown in Fig. 5. This approximation is used
throughout the evaluations reported here.

Solution Approach

Routines within the MATLAB Ò 5.3 libraries were used for the
numerical evaluation of the system described. In the software, the
function for integration is QUAD. This involves an adaptive re-
cursive Simpson’s Rule routine with a speci� ed relative error. A
constrained optimization routine was then used to minimize the er-
rors in the energy balances at each surface in the stack. This was
accomplished by using trial values of the various temperatures in
the system. When the errors were close enough to zero, the opti-
mization solutionwas concluded.Throughout,the optimizationwas
constrainedsuch that the subsequent layer temperaturesdecrease in
value. Hence,

TH > ¢ ¢ ¢ > Ti ¢ ¢ ¢ > TL (19)

In addition to determining the temperature of each of the surfaces
in the stack, the heat � ows and powers generated were also found.

Results and Discussion
Calculationsfor powergenerationrelatedto the In0:8Ga0:2As mul-

tilayered system are shown in Fig. 6. The effect of the additional
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Fig. 7 System ef� ciency formultilayersystems of In0:8Ga0:2As; results
for three separate highest temperatures with lowest temperature 300 K
in all cases.

Fig. 8 Temperatures of each of the surfaces for a In0:8Ga0:2As system
for highest temperature of 560 K and lowest temperature of 300 K.

layers shows an increase in power output over the single gap base.
Approximately800% increase over the maximum number of layers
investigatedhere is shown for the lowest-temperaturecase. This de-
creases with increasing temperature to something less than 400% at
the highest-temperaturecase. This demonstrates the relative greater
importance of the radiation from the lower-temperature surfaces in
the lowest-temperaturecase. However, the overall increasein power
level with temperature for all situations is clearly undeniable.

When the power values shown in Fig. 6 are ratioed to the net
heat transfer across the � rst gap, the result is the overall ef� ciency
for the system. This is shown in Fig. 7. Similar trends to Fig. 6 are
obviously seen here. Even more signi� cant improvements over the
single-gapcase are demonstrated for the ef� ciency compared to the
power generation.This is a result of the increasedpower output and
the decreased heat transfer associated with more layers.

Figure 8 shows the corresponding surface temperatures that
yieldedthevaluesshownin Figs.6 and7, for thehighest-temperature
case (560–300 K). Note that these resultsare for a very thin PV layer
(small L), and this yields the two surfaces of a given slab of mate-
rial at almost the same temperature. This does not have be the case
with the model formulated, but the effects of a lesser number of
parameters can be examined this way.

Results for power output for the multilayered case with
Hg0:80Cd0:20Te as thePV materialare shownin Fig. 9. Note that these
are signi� cantly higher power outputs compared to the In0:8Ga0:2As
case that is shown in Fig. 6. The general increase varies from four
orders of magnitude in the higher-temperature case to over eight
orders of magnitude in the lower-temperaturecase.

Ef� ciencies for the Hg0:8Cd0:2Te system are shown in Fig. 10.
As in the case of InGaAs, they mirror the corresponding power
generation situation.Again, the ef� ciency increasesmore markedly
than does the power generation.This is due to the increasingpower

Table 1 Results for multigap calculations
in the black Hg0:8Cd0:2Te systema

Power Ef� ciency Power increase Ef� ciency increase
Gaps W/m2 £103 over one gap,% over one gap,%

1 0.414 0.117 —— ——
2 0.991 0.647 139 453
3 1.19 1.22 187 943
4 1.43 2.00 245 1620
5 1.69 2.99 308 2460

aAll cases are for TH D 560 K and TL D 300 K.

Fig. 9 Power output from multilayer systems of Hg0:8Cd0:2Te; results
for three separate highest temperatures with lowest temperature 300 K
in all cases.

Fig. 10 System ef� ciency for multilayer systems of Hg0:8Cd0:2Te; re-
sults for three separate highest temperatures with lowest temperature
300 K in all cases.

generationand the decreasingheat � ux with largernumbers of gaps.
Note that the values are at least four orders of magnitude higher
in Fig. 10 compared to Fig. 7. Less spread is shown between the
higher-temperaturecase and the lower-temperature case in Fig. 10
compared to Fig. 7.

Increases in both the power generation and ef� ciency are shown
to be substantial. These are compared directly in Table 1.

In Fig. 11 the surface temperatures for the highest-temperature
Hg0:8Cd0:2Te case is shown. Little difference in the temperature
variation for this case is shown compared to Fig. 8.

Generally, the layeringof PV pairs exhibits two effects that are in
opposition.One is that severalof the surfacesin a layered system are
athighertemperaturethan the300-Kbase thatwas assumedthrough-
out. The increase in temperature decreases the open circuit voltage.
This in turn decreases PV cell power output (all other things being
equal). The net result is a negative effect on power output. How-
ever, the reemitting of the radiation at only slightly decreased (due
to decreased temperature) levels at each layer offers more sources
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Fig. 11 Temperatures of each of the surfaces in a Hg0:8Cd0:2Te system
for the highest-temperature case (560 K).

of power generation only slightly less directly proportional to the
number of gaps. This has an increasing effect on power output. As
can be seen from the results, though, the net result is to increase the
power generated and system ef� ciencies with layering.

In the studies carried out here, the thickness of the PV material
was taken to be small (0.0001 m throughout). This decreased the
temperaturedrop between pairs as a result of decreasingconduction
resistance compared to thicker materials.However, small PV thick-
ness could also affect the electrical power generated.The impact of
this is not included in this analysis.

A black emitter was used throughout this analysis, which will
maximize the power output. Ef� ciency values for either material
could be increased by use of an ideal selective surface.1

Clearly the power outputs from these types of systems are very
low, primarily due to the temperature levels assumed in the anal-
ysis. An effect, not included here, that may have a large, positive
in� uence on the results is that of close spacings. It is known that ra-
diative transferbetween two surfaces can be greatly enhancedwhen
the surface spacing is smaller than the characteristicwavelength of
the radiation.5;8 This effect will be the focus of later work.

Conclusions
1) An analysisof multilayeredTPV systems has been carriedout.

This has been done at moderate temperatures for possible microde-
vice applications.

2) Two different PV material cases have been considered, one
using an InGaAs compound and the other using a form of HgCdTe.
The InGaAs material was chosen to compare to an earlier paper
consideringthatmaterial for a single-gaparrangement.Hg0:8Cd0:2Te
was chosen for comparison purposes because of its small bandgap
characteristics.

3) Radiation is assumed as the only heat transfer mode across
gaps, and simple conductionis taken across each material layer. For
this analysis, the material thickness is taken to be small.

4) To determine the temperatures of the system, an optimization
calculation was performed that minimized the error in an energy
balance at each surface.

5) It was found that the energy produced increased substantially
with layering of gaps and surfaces, up to 308% compared to the
one-layer case for Hg0:8Cd0:2Te.

6) The power generation ef� ciency (de� ned as the power gener-
ated divided by the heat transfer across the � rst gap) increasedeven
more than the power generated. Increases up to 2460% were seen
for the Hg0:8Cd0:2Te cases examined.

7) Overall energy production is quite small, primarily due to the
small temperature levels assumed in the analysis. Effects of the en-
hancementof radiative transfer due to small spacing of the surfaces
needs to be evaluated.
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