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InAs thermophotovoltaic (TPV) cells with external quantum efficiency at th& pesvelengths
reaching 71% at low temperature and 55% at room temperature are reported, witehhigbest
values to date for InAs. The TPV exhibited 10% power conversion efficiency at 186lIK
temperature. The dark and light current-voltage characteristics were measuwldterant cell
temperatures (100-340 K) in response to heat sources in the range 500-800 °C. Thmg resulti
dependences of the output voltage and current as well as the spectral re§poadeAs TPV have
been extensively characterized for waste heat recovery applications. The perfarfriaese cells is
strongly determined by the dark current which increases rapidly with imgeesll temperature
originating from bandgap narrowing, which resulted in a reduction of opentciodtsdge and output

power.
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1. Introduction

Large amounts of energy are lost in the form of waste heat in high ermmgymption industries
such as glass and steel manufacturing. In some processes as much as 20-50% &f fisatwst be
lost as radiation. Clearly, a direct and convenient way of converting wastentea&idctricity is
highly desirable. TPV cells which have very similar operating principlesléo sells can absorb the
radiation from hot sources and produce electricity [1]. In addition to energy scavenigwig,also
have potentials for use in a wide variety of other applications including autenaotibbile power
generation and military power supplies and also for space applications where TéPatsngmt low
temperature can be employed using passive cooling.

Until recently, research work on TPVs has been focused on silicom{zdAs [3], GaSb [4,5] and
GalnAsSh alloys lattice matched on GaSb [6,7], most of which have a relatively widemapandg
making them more suitable for electricity generation from heat sources at temgmedove 1000 °C
Among these, excellent performance has been reported from GalnAsSb TPVs lattbedron
GaSb substrates [6]. Such devices can produce an open circuit voliggef 0.3 V, a short circuit
current density ¢J up to 3 A/cm, and about 90% internal quantum efficiency (IQE) [8,9]. For higher
temperature sources, GaSb based TPVs can achieve ~16% power conversion efficiedes tirey
are illuminated by a high intensity (tungsten) light source [10]. Howevetpfegr temperature (<
1000 °C) heat sources, narrow bandgap semiconductors can potentially result in iffPYigver
conversion efficiency [11,12], mainly because more photons emitted from the bladdodg can

be harvested by the low bandgap material. InAs TPV cells (0.35 eV bandgap) appearety be v
promising for waste heat recovery. However, until now, much less investi@$obeen carried out
on InAs based TPVs compared with GalnAsSb and GaSb deviggef ¥0.06 V and ¢} of ~0.9
Alcm? have been obtained from InAs TPV cells illuminated by a 950 °C thermal sid@jceBut
relatively little information has been reported on the operating chasdict®rand potential of InAs
TPVs. In this work, we report in detail on the characteristica DPV cell based on a high quality
InAs p-i-n diode grown by metal-organic chemical vageposition (MOCVD) for the purpose of
waste heat recovery and energy scavenging applications. We report on the lekutrispectral
properties for the cell held at different temperatures (100- 340 K) wheniriated by low
temperature thermal sources (500-10Q0). We obtained high external quantum efficiency (EQE),
short circuit current and approximately 3.6% power conversion efficiency using &C98®&rmal

source.
2. Experiments

The InAs p-i-n TPV devices studied in this work were growrM§yCVD on an n-type InAs (100)
substrate. The structutemprised of a 2 um n+ layer (1x1& cm®) followed by an 1Qum intrinsic

region and then a 2 um p+ layer (1x1€ cm®). Ti/Au metal with thickness of 20/200 nm was



deposited to form the top and bottom ohmic contacts. The top contact was ineshbershape
covering 20% of the surface araashown in the inset of Fig. 1, which was opaque for the incident
radiation. The TPV cells were fabricated by using phosphoric acid and hydrogen peroxide édased w
chemical etchant, followed by a finishing etch in sulphuric acid and hydrogengeetmased solution,

to define mesa diodes with diameter of 400 pm. A scanning electron micros8BpMg {mage was
taken on the etched device, as shown in Fig. 1. The deep wet etching resthe@xtension of the

side walls by about Bm, making the actual diameter to be around g6 The finished devices were

mounted on TO- headers for characterization.

The current-voltage (I-V) characteristics were measured using a Keithley 240@ sweter. Flash
exposure tests were carried out by mounting the cells 10 cm in front olahlgaemperature (500-
800 °C) blackbody thermal source with an aperture of 25 mm, without any foapting. The TPV
device was loaded into a liquid nitrogen cooled continuous flow cryostat to metwsurlV
characteristics and spectral response at different cell temperatdre¥h@ corresponding spectral
response was measured using the same black body source, with a 0.3 m grating amantochr
(blazed at 3.5 um) and lock-in amplifier with a chopper frequen®bdiz. The EQE curves were
obtained by dividing the spectral responses with the spectrum of the thermal schiote was
measured by using a pyroelectric infrared detector. The EQE value oflthe3@0 K 1.55 um was
measured outside of the cryostat by using a 1.55 um, 1mW digtailed laser. The values of the

EQE curves were then scaled based on this measured EQE.
3. Results and discussion

The capacitance-voltage (C-V) measurements reported previously revealed awbagckground n-
doping level of 6x18 /cm? in the intrinsic InAs region [14], which indicated that in the p-i-n structure
the depletion region occupied the entire i-region. The top p+ layer carawdhle emitter region, and
the intrinsically n type undoped region can serve as the base for the InAs TPW Thevies of the
InAs cell under 500-800 °C thermal source radiations at cell temperayre30D K and 100 K are
plotted in Fig. 2 (a) and (b). The measurements were carried out when the InAs cethumdsdin

the cryostat with a CaRwindow in front. The power density from the thermal radiation arriving on
the cell was measured using a calibrated power meter to increase from 76 hatv&@ °C to 318
mW/cn? at 800 °C. As shown in Fig. 2(a), when the InAs TPV cell was kept at 3@ K-V curves
remained almost linear regardless of the source temperature, correspondinty tactoffi(FF) of
25%. As the source temperature was increased from 500 °C to 800 °C, theirsharturrent, 4
increased from 0.04 mA (0.03 A/énto 0.29 mA (0.23 A/cr), almost proportional to the increase in
the number of photons from the black body source above the InAs bandgap energy (~0.35 eV). The
Voc also increased from 5.5 mV to 17.4 mV. In contrast, when the cell temperatwas Tooled to
100 K, (Fig. 2(b)) the FF substantially improved to 68.5% with the soufs@0atC and reached 70.2%



with the source at 800 °C. Although thg was reduced by about 31% due to the increase in the
bandgap of InAs at 100 K (~0.41 eV), the. gignificantly improved to 252 mV with the source at
800 °C - more than 14 times larger than atT300 K. It is also worth noting that the,)showed
much less reduction when lowering the source temperatuge=atd0 K. With the 500 °C source, the
Vo still reached 208 mV, which was only an 18% reduction compared with the 800 °C source. The
calculated power efficiency was 0.071 % with the 500 °C source anth ®8B the 800 °C source
when the InAs TPV was at room temperature. However, both values greathseute 4.4% and %0
respectively at =100 K, which was predominantly due to the improvement jn Vhese high
power conversion efficiencies at low @an possibly make the InAs based TPVs useful in deep space
applications, where other sources of energy are not available. Note tlimatitdest power in these
experiments is quite low (76 mw/érat 500 °C and 318 mW/cnat 800 °C) since the TPV cell was
inside the cryostat, and that the power conversion efficiency is strongly dependbnthothe
incident power density and the blackbody emitter temperature. When concenthati®p0 °C
radiation to about 4 Wen? at room temperature, the TPV efficiency increased to 1.3%, largely due to
the 3 times increase inoy Using a 950 °C blackbody source with 720 mW/g@uawer density as in

our previous work, this InAs TPV achieved 3 1.32 A/cnt at 300 K T, which is about 47% higher
than the LPE grown InAs TPV with an InNAsSbP window layer [13]. The power efficiemsy
estimated aroun8.6%, which is also a little higher than our previously reported value.

The spectral responsebthe InAs TPV at these two cell temperatures were shown in Fig. 2(c) and (d).

In each case, the shape of the response showed very slight changes by varying sparatutem

Only the intensity was increased with higher source temperatures dueréophotons above the
bandgap energy being captured. The small fluctuations in the spectra in the 1.6-1.8 um and 2.5-2.8
pm regions were caused by the water absorption in the atmosphere. The spectra in Ril. 2(d)
showed a clear cut-off once the wavelength was above 3.0 um, indicating thattheeayp$orption
occurred below the InAs bandgap when the TPV cell was at 100 K. In contras2Q0TK in Fig.

2(c), much broader tails can be observed in all the spectra between 3.5 and 4.0 um, whieh ca
attributed to the absorption by thermally activated near band edge statesitibnadg comparing

these two plots, it is clear that at 300 K the InAs TPV cell exhilsitedader spectral response, while

at 100 K the curves became narrower and clear peaks can be observed near the InAs bandgap.

The dark current density-voltage (J-V) curves of the InAs TPV were meastied the TPV cell
temperature, Jwas adjusted from 100 K up to 340 K, as shown in Fig. 3(a). The estimated ideality
factor n remained at around 1.1 in the measured temperature range. The dark leakageeositgn

J greatly increased by about 4 orders of magnitude whemas$ raised from 100 K to 340 KVe

found that the dark current did not drop significantly at temperatures bE)OVK. Using an
additional metal cap made of 0.2 mm thick nickel which can block all the possitaeethfight from

the environment, the dark current drops substantially (by at least 2 ordeegyoitude), indicating



that the device is collecting the 300 K radiation from the optical winafosvyostat. Hence, the dark
current at 100 K is believed to be largely contributed by the 300 K radiation.

The shunt resistance, Bf the InAs TPV at different temperatures was estimated from these Wark J-
curves near zero bias. The relation betwegh &d T is illustrated in Fig. 3(b), where A denotes the
actual area of the TPV. From this graph, three distinct regions can béedemss illustrated by the
straight lines on the plot. ForJ140 K, the RA value was almost independent of the cell temperature,
indicating that the 300 K background induced current was the dominant cootrfotti the dark
current. For 140 K<k240 K the slope of the fit was about half of that for the regigr240 K,
which suggests that generation-recombination (G-R) played a major rble dark current for 140
K<T<240 K, and diffusion current was the most important contribution Je240 K.

Complete T dependent characterization of the InAs TPV performance was carried out between 100 K
and 340 K under the illumination from an 800 °C thermal source at 318 ni\p/éower intensity. Fig.

4(a) depicts the I-V characteristics under these conditions. The FF gradualidetedrom 70% at

100 K to 33% at 280 K, and stayed constant at around 25% above 280 k. &he 4. at each
temperature taken from this graph are plotted in Fig. 4(b). With increasitiieTt. slowly increased

from 0.2 mA at 100 K to about 0.3 mA at 340 K, which is in very good agreement withrtiosving

of InAs bandgap with increasing temperature. Using the Varshni relation théoémigiap reduces

from 0.40 eV at 100 K to 0.34 eV at 340 K, corresponding to a 48% increase hnrtier of
incident photons with above bandgap energy. In contrast howeverytdeavhatically dropped from

252 mV at 100 K to 3.8 mV at 340 K, which was the main reason for the lange@fdmore than 100

times in TPV output power, as shown in Fig. 4(c). Moreover, it can be noticed~fgpri(c) that the

drop in output power accelerated fay dbove 240 K. As discussed before, this was also the region
where diffusion current became the dominant dark conduction current mechasshing in much
quicker rise of gin this temperature range as shown in Fig. 4(a). The highchme the main factor
determining the low ¥ and low output power from the InAs TPV cell in the highrdgime, which
largely originated from the narrow bandgap of InAs. The exponential increasetodérd reducing the
material bandgap has been presented in [6,7]. For the more mature GalnAsSb TPV technology, a wide
bandgap AlGaAsShb layer and a GaSb window layer were often incorporated inmutttarstto
achieve better performance [7]. Such elements will need to be included in i MAdesign to

improve V,c and the power efficiency in the future.

The EQE curves for the InAs TPV cell at different Were extracted from the measured spectral
responses using the 800 °C thermal source and are plotted in Fig. 5(a). (The fluctudtieris6-1.8
pum and 2.6-2.8 um regions were caused by the water absorptions in atmosphei@).t&ithe
observations from Fig. 2(c) and (d), with higher the EQE spectra extended much more below the

InAs bandgap. The EQE at 300 K mainly fell within the range 0.5-0.6, averaging about 0.55a Using



laser at 1550 nm incident on the TPV cell placed outside the cryostaigageired a responsivity of
0.79 A/W, corresponding to an EQE of 0.63, which is the highest room temperaturesp@pted
from InAs based TPVs. Despite its much narrower bandgap, this EQE value is as goodgisetie hi
EQE reported from GaSb and GalnAsSb based TPV cells (~60%) [4,6]. With improved atructur
design such as depositing an asfiection coating on top, it is likely that the EQE from InAs TPVs

can be further enhanced.

At different T, the peak EQE values close to the cut-off wavelengths were taken from these spectra
and were plotted in Fig. 5(b) (red dots). At low temperatures, the EQE deachaximum value of

0.71, which was very near the theoretical maximum value (about 30% of #ierefji was lost due

to surface reflection no antireflection coating was applied to our cells). One interesting observation
from the EQE spectra was that at shorter wavelengths the EQE first increasedbdteased with

rising T.. For example, the EQE at 2.0 um was plotted in Fig. 5(b) for comparison. Téeemtiff
trends between these two curves might be caused by different absorption profiles withixstfiiPV.

For photons with close to the bandgap energy (red dots), the smaller absorption coefficient (o ~103

cn! range) results in the photons penetrating the full depth of the Indgidn. The photo-excited
minority carrier (holes) need to transit across the entire depletion regibe tollected by the
contacts resulting in some reduction of EQE near the cut-off wavelength at Rigkere key factor
determining this is the carrier lifetime. Previously it has been aedlyhat in InAs LEDs, non-
radiative Auger recombination is the main reason for the reduced LED effidigsicySimilarly, in

the InAs TPV cell, the stronger Auger process at highewduld significantly decrease the carrier
lifetime, thus reducinthe collection efficiency. In contrast, forghier energy photons (blue dots), a
becomes much larger (<1@n1!). These photons would be absorbed mostly in top part of the
depletion region. The photo-generated holes can be more easily collecteditrie groximity to the
p-contact. The temperature dependence of the HQEis wavelength range is still not fully
understood. Possible reasons might be the surface recombination mechanisms in the top p-InAs region,

which could consume some of the carriers excited by higher energy photons.
4. Conclusion

We have systematically characterized the performance of InAs TPV cells witlhefoperature

thermal sources at different cell temperaturedthas been found that fias a huge impact on thg, J

Voc and output power from the InAs cell. The power conversion efficiency increasadoby 28

times with an 800 °C source when the cell was cooled from 300 K to 100 K, mosilysbeuf the
significant enhancement ofo¥at lower T. At 100 K T, 10% power conversion efficiency has been
reported, which can make the InAs based TPVs a promising power source for deep space applications.
Under the same illumination conditions, theflom the InAs TPV gradually increased by about 50%

when the cell temperature was raised from 100 K to 340 K, largely due taAlseblandgap



narrowing. However, the J/ significantly decreased from 252 mV to only 3.8 mV, resulting in the
output power being reduced by about two orders of magnitude. The quicker redtctibpud power

at higher temperatures could be related to the faster increasm #hd same temperature range. The
EQE from the InAs TPV was determined to be ~55% over most of the sensitive ramgemat r
temperature, which is the highest value reported to date for InAs, with no #ettioef coating. A
peak value of 71% was achieved at 140 K. The high EQE was partlyddayiske thick MOCVD
grown i-region, so that almost all incident photons above the bandgap energy atasotieed. The
change in the EQE spectra withdhowed some wavelength dependence and the limited hole lifetime
is one reason for the reduction of EQE at highgrwhich needs to be taken into account for the
design of future InAs based TPV cells. With further structural imprewvesnsuch as carrier blocking
layers to reducept higher T, the Vb and output power can be further enhanced. Concentration of
the incident radiation at room temperature can also greatly imprwan¥ the power efficiency, due

to the higher value ofd

In addition, the extra wide spectra from lower temperature blackbodies neethti@bénto account
towards realizing applicable TPVs for waste heat recovery. In these siaggs,junction TPVs will
inevitably either have huge thermalization loss when using narrow bandgap materaly be able
to collect a small fraction of the emitted energy when using wide bandgapatsat&rmulti-junction
TPV system is a promising route to achieving the highest possible povesenef§, similar to the
case of multi-junction solar cells [16]. With a bandgap of 0.35 eV, an effici@stTPV can serve as

the intermediate or bottom section in the multi-junction TPV design.
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Figure captions

Figure 1. SEM image showing the etched side wall of the InAs TPV. The inset shows thepan vi

optical microscopic image of the device.

Figure 2. |-V curves of the InAs TPV cell at (a} ¥ 300 K, and (b) §= 100 K with varying
blackbody source temperatures, and the spectral response plots of the InAs(€PW = 300 K, (d)

T. =100 K with varying black body source temperatures.

Figure 3. (a) Dark J-V plot of the InAs TPV at different cell tempees. (b) Resistance area®Rvs
1000/T; plot of the InAs TPV.

Figure 4. Characteristics of the of the InAs TPV illuminated with d@h“@thermal source with the
device at different cell temperature. (@) I-V curves, (b) short circuit curreng; (red dots) and open
circuit voltage, \c (blue dots), (c) maximum output power.

Figure 5. (a) The dependence of the EQE at different cell temperatures in respafdack body at
800 °C, (b) the peak EQE near cut-off (red dots) and EQE at 2.0 um (blue dots).
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Figure 5(a)
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