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Enhanced photogeneration of carriers in a semiconductor via coupling
across a nonisothermal nanoscale vacuum gap

R. S. DiMatteo,? P. Greiff, and S. L. Finberg
The Charles Stark Draper Laboratory, Inc., Cambridge, Massachusetts 02139

K. A. Young-Waithe, H. K. H. Choy, M. M. Masaki, and C. G. Fonstad
Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

(Received 23 March 2001; accepted for publication 17 July 2001

Enhanced generation of carriers when a thermophotovoltaic cell is placed in submicron proximity to

a heated surface is demonstrated using custom-designed InAs photodiodes and special silicon-based
heater chips produced using microelectromechanical system techniques. The short-circuit current of
the photocells is shown to increase shar(ly to fivefold when the spacing between the heater and
photodiode surfaces is reduced, while at the same time, the heater temperature decreases, consistent
with increased radiative transfer between the two surfaces. By varying the spacing sinugatdally

up to 1 kH3, it is demonstrated that the increase in the short-circuit current occurs in phase with the
decrease in separation, thereby ruling out thermal effects. It is argued that the increase in
short-circuit current is due to increased evanescent coupling of blackbody radiation from the hot
surface to the cold photocell, consistent with recent theoretical predictions. The demonstration of
this effect is the initial step in the development of a class of energy conversion devicex)0©
American Institute of Physics[DOI: 10.1063/1.1400762

It has been proposed that the electromagnetic energiyomechanical system techniques to leave a seriesahé-
transfer in a thermophotovoltaiCTPV) system can be in- diam oxide mesas on the front, which acted as spacers to
creased by placing the emitter in close proximity to the pho-determine the separation of the heater and photovoltaic cell.
tovoltaic receivet. The increased flux should manifest itself Figure 2 shows two Jsm-high SiG, spacers similar to those
as an increase in the electrical output of the photovoltaic cellused. The back of the chips was coated with a chemical-
This letter reports on the experimental demonstration of thi¥apor-deposition oxide insulator and patterned to give a con-
effect. tact window. The backs were also metallized with a thin film

Planck's Law gives the radiant exchange between twcf titanium and platinum(100 nm/200 nm The film was
infinite parallel surfaces at different temperatures. Planck inPatterned to provide a contact to the bulk of the chip, which
dicated that his law applies only if the dimensions of the@ctéd as the capacitor plate; a X80esistor, which was used

system are large compared to the wavelengths of th&Pr temperature measurement; and a(1@esistor used as a

radiation? It has been predicted theoretically and shown ex€ater. The perimeter of the chip was plasma etched down

perimentally that the radiant heat transfer between two opf-ibOUt 15um in the scribe streets so that any burrs that might

posing surfaces at different temperatures, separated by qgeur dur_:_r;]g vr\]/afetr sa\;]\{ing W;;'g not i_nter_fere with the gap
vacuum gap, can be increased significantly by decreasing tﬁé)acéng.t eTP? er”c P 1S d ' .mmdln sge}. bricated f
spacing between the two surfaces to a fraction of the wave- ustom cells were desighed anc fabricated from

: _ . . InAs epitaxial layer structures grown by solid-source
lengths of the radiant enerdy® In parallel with this work, molecular-beam epitaxy om-tvpe InAs substrates. The
TPV has been developed wherein a heated suftheeemit- priaxy op-typ X

. . growth was done usinfn situ oxide desorption and a two-
ter) radiates photons to a low-band-gap photovoltaic cell thaStep two-temperature growth sequence optimized to achieve
converts them to electric pow&:13 The use of this small- ’

) . two-dimensional growth and give a very smooth final sur-
gap coupling to increase the TPV output has been proposqgCe ¢ g y

and studied theoretically**~'" Experimental demonstration
of this effect was done by placing a hot Si chip on a cooled PIEZO ACTUATOR WIRE BONDS
InAs photovoltaic chip separated by SiGpacers, which
maintained the physical gap between the two surfaces, a
shown in Fig. 1.

A 500-um-thick “heater chip,” shown schematically in [
Fig. 1, was devised to provide the following functions: sub- pVTS,t’ARTZ CLAM )
micron gaps between it and the photovoltaic cell, a capacitor‘é%ﬁ}'f& j SRR BAND
plate to allow measurement of the gap, and a controlled hoi pv BOTTOW

- . . . P-LAYER
surface. The silicon heater chip was fabricated by microelec- (CONTACT

SILICON HEATER
CHIP WITH

FIG. 1. Schematic of the experimental configuration illustrating the relative
dElectronic mail: rdimatteo@draper.com positions of the heater chip and thermophotovolt@ieV) cell.
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FIG. 2. Scanning electron micrograph of the silicon dioxide, Si€pacers indicated Capacitance (pF)

that separate the main surface of the heater chip from the TPV cell.

FIG. 4. Static test results: variation of photovoltaic short-circuit current with

capacitance between the heater chip and the photovoltaic cell.
The bulk of the heterostructure was grown at 420°C.

The layered structure, beginning at the substrate, consisted of
a heavily doped-type buffer layer, 0.3um of p-type InAs  an o-ring seal. The piezoelectric actuator was mounted on a
doped with 2x10'¥*cm 2 Be, 1.0um of p-type InAs doped manually adjustable linear feedthrough that was mounted
with 2.0x 10'”cm™2 Be, 16 nm of nominally undoped InAs, through the vacuum cover.
and 0.3um of n-type InAs doped with 2.8 10" cm ™3 Si. The initial gap was estimated by measuring the capaci-
The cells were etched-mesa structures with contacts ttance between the heater chip and the PV chip. An HP 4275A
the n and p layers of the photovoltaic cell made in ring LCR meter was used. Guarding and ground isolation allowed
fashion to leave a featureless area in the center of the cell imultaneous heater, PV current, and capacitance measure-
that the ability to place the heater chip in submicron proxim-ment. The resistance of the 18D on-chip Pt resistor mea-
ity to the surface of the TPV cell would not be obstructed. sured the heater temperature. The PV short-circuit current
The heater chip and photovoltaic cell shown in Fig. 1was measured using a Keithly 485 picoammeter. Its analog
were assembled as shown in Fig. 3. The cold side of theutput allowed simultaneous display with the piezodrive ex-
assembly consists of the photovoltaic cell mounted on aitation discussed below. An MDC K075 piezotransducer
brass block, which is mounted on a thermoelectric coolerwas driven with an offset sine wave from a TeK PG504
which is mounted on a liquid cooling block. All are attached function generator. The quartz clamp lever arm ensured elec-
with thermal vacuum grease. The heater chip is held in placgical isolation of the 20 Vp—p piezo excitation from the
on top of the photovoltaic cell by a mechanical spring-loadecbutput measurement.
clamp. The heater chip and the photovoltaic cell are wire  The results shown in Fig. 4 were produced by the fol-
bonded to the modified flatpack chip carrier shown. Contactfowing procedure. The piezoelectric actuator was brought
are brought out from the photovoltaic cell and the following into contact with the mechanical clamp from above, as de-
components on the heater chip: heater element, temperatusgcted schematically in Fig. 1. Contact was sensed by an
sensor, and capacitive contact. increase in capacitance. The capacitance, heater chip tem-
The heater/photovoltaic cell assembly was placed in gerature, and PV short-circuit current were recorded. The
bell jar with the liquid chiller outside. A small turbopump piezoactuator was then extended further, thereby flexing the
was used to provide the vacuum in the 40 mTorr range. Aeater chip by fractions of a micron, thereby decreasing the
surface-mounted thermocouple was used to monitor the braggp and increasing the capacitance. Upon decreasing the gap,
mounting block temperature, which was used as the approxtwo observations were apparent immediately—the short-
mate photovoltai¢PV) temperature. All electrical and ther- circuit current increased and the temperature of the heater
mocouple contacts were brought out through vacuunthip decreased. Both are explained by the increased coupling
feedthroughs. The cover to the bell jar was a lexan plate witlyf energy across the gap. In order to obtain constant tempera-
ture data, the power to the heater was increased to maintain
the initial temperature. The capacitance and photovoltaic
short-circuit current were also recorded. Data were taken for
the three temperatures indicated in Fig. 4, with multiple
cycles among the temperatures with repeatable results. As
shown in Fig. 4, there is a very strong relationship between
i — X gap and short-circuit current over the range of measure-
PV ASSEMBLY W ments.
In addition to these static tests, a dynamic test was also
performed to clarify the possible influence of stray thermal

e ThiC effects accounting for the current increase. The piezoactuator
_ was oscillated up and down between frequencies of 200 and
1000 Hz, which are beyond the frequency that thermal ef-
I, fects would be able to follow. The oscillating piezo was then
' brought into contact with the heater chip clamp, causing it,
FIG. 3. Heater chip and thermophotovoltaic cell assembly. and therefore the gap, to oscillate. If the current were due to

Downloaded 19 Sep 2001 to 140.102.2.20. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



1896 Appl. Phys. Lett., Vol. 79, No. 12, 17 September 2001 DiMatteo et al.

factor of 5 increase in the photovoltaic short-circuit output
and the capacitance between the two devices.

It would be premature to infer detailed quantitative data
from the current measurements. Present data demonstrate the
effect but do not quantify it. Measurements are underway to
obtain more quantitative data. By demonstrating the use of a
nonisothermal microcavity to achieve the results described
herein, it is hoped that an active area of research will develop
to fully characterize and use the physics of nonisothermal
microcavities for energy conversion applications, including,
but not limited to TPV, where it is believed to have a signifi-

cant impact.
FIG. 5. Dynamic test results: 200 Hz oscillating piezo drive voltdmgtom !R. S. DiMatteo, Masters thesis, Massachusetts Institute of Technology
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short-circuit curren{top curve, increasing current is down 2M. Planck, The Theory of Heat RadiatiofDover, New York, 195 p. 2.
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