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Room-temperature electro-optic up-conversion via internal photoemission
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We describe the fabrication and operation of a device which performs linear optical up-conversion
at room temperature. The mechanism for up-conversion is based on internal photoemission from a
Schottky contact. We then describe the voltage dependence of this device and interpret it in terms
of total energy conservation. Although an AlGaAs/GaAs system is employed here, the functionality
is not material-specific and therefore should be widely applicable to different materials systems,
such as GaN/InGaN. @003 American Institute of Physic§DOI: 10.1063/1.1571981

Heterostructure devices have long been used for lineagrgy. We also present an interpretation of the device opera-
up-conversion of radiatioh.> These devices invariably con- tion that provides for a straightforward analysis of the
sist of two structures in series: one section for photodetectiomoltage dependence of the luminescence.
and another for luminescence. The principal distinction be-  Our device was grown via molecular-beam epitaxy with
tween the different devices has been the method of photodé¢he following structure: heavily dopeg-type GaAs sub-
tection; with only one exceptich,a light-emitting diode strate, 300-nmp-type GaAs buffer layer doped to 5
(LED)-type structure has produced the resulting luminesx<10* cm™3, 300-nm p-type AlysdGasAs doped to 5
cence. x 10" cm™2, 10-nm GaAs undoped QW, 100-nmtype

Two photodetection mechanisms have been more devellq 3dGa 7As doped to 2 10 cm™3, and a 20-nmm-type
oped than the others: interband photo-excitatiohand in-  GaAs cap layer doped to210'7 cm™3. All n-type doping is
tersubband photoexcitation achieved through use of a quanvith Si, all epitaxialp-type doping is with Be, and substrate
tum well infrared photodetectofQWIP).> Two other doping is with Zn. A structural diagram of our device is
mechanisms have also been used: that by Saethlf and  given in the inset of Fig. 1.
that by Hiramotoet al® Sandhuet al. demonstrated an up-

conversion process that used internal photoemission from a T —r r o r T 1
Au Schottky contact. In that case, the up-converted lumines- ::é;As £
cence was produced from electrons injected into a two- n-Al,,Ga,,As '510
dimensional hole gas rather than into an LED structure. This \Ga'As Q'W _
device was able to operate at low bias voltages, but only AL .Ga. -As ; i
inefficiently and at very low temperaturgd K). Hiramoto P os"r07 41 =
et al. used a film of photoresponsive amorphous silicon car- p-GaAs £ §
bide (a-SiC:H) in conjunction with an organic LED. Be- 1 &
cause of the large bias voltages required for operation, this Joa®©
device can be thought of as a photoresponsive resistor modu- Dark Current E
lating the bias voltage across an organic LED. Photo + Dark

Using a system similar to that of Sandlat al, we #
present an up-conversion device that uses internal photo- . . . sl 0.01
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emission from a Schottky contact for photodetection. Our Voltage [V]

device produces an easily measured signal at room tempera-
ture and at voltages significantly less than the band-gap emrG. 1. Current-voltage characteristics of the device with and without sub-
band-gap photoexcitation. A substantial photocurrent is generated for biases

greater than~=0.7 V. The inset is a schematic diagram of our device struc-
3E|ectronic mail: krussell@deas.harvard.edu ture (not to scale
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FIG. 3. Voltage dependence of EL, IPEIEL, and IPEL alone. Sub-band-
ap optical excitation produces observable luminescence at significantly
ower voltages than thermal excitation.

FIG. 2. Luminescence spectra for EL as well as IPEL. The IPEL signal is
significantly larger that the EL signal, even at approximately half the applie
bias.

The structure parameters were chosen to provide aWith an Instaspec™ IV CCD camera, a diffraction grating
n-type Schottky interface at the surface and a hole-rich rewith 600 lines/mm, and a blaze wavelength of 400 nm.
combination region in the GaAs QW. The doping at the sur- ~ Without applied bias, sub-band-gap illumination did not
face must be relatively light to reduce Schottky leakage, butesult in any luminescence because the photon energy was
not so light that the surface depletion region extends into thé00 low to induce the required band-gap excitation. However,
p—i—n junction. Thep-type doping level must be signifi- the device did produce band-gap luminescence at bias volt-
cantly higher than that of the-type region to compensate ages greater thar-0.7 V, still significantly less than the
the electron population in the QW. These requirements lea@and-gap energy. An example spectrum of the internal pho-
to the asymmetrically dopepl—i —n heterostructure. toemission luminescenc@PEL) at 0.8 V bias is given in

The wafer was processed using standard photolithoFig. 2.
graphic techniques. After patterning, the surface was cleaned Figure 3 shows the voltage dependence of the magnitude
with dilute NH,OH, and 100 A of Au was deposited at high of the luminescence both with and without sub-band-gap il-
vacuum to form a 208400um? Schottky contact. The lumination. Both plots are shown on the same scale to indi-
thickness of this Schottky contact was chosen as a compregate the relative efficiencies. EL can be observed for biases
mise between absorption of the excitation light and transmishear the band-gap energ¥.42 e\},” but with photoexcita-
sion of the up-converted light. The sample was then protion, luminescence was observable at substantially lower
cessed into device mesas /@m high and of area 300 Vvoltages. After an abrupt increase~a0.8 V, the intensity of
X 600 um? by patterning with photolithography and etching the luminescence with photoexcitation increased linearly
with NH,OH/H,0,/H,0 1:1:5 for 60 s. Electrical contact to Wwith voltage. At higher voltages, the EL signal added to the
the Au was provided by a Cr—Au layer forming a lead to anIPEL signal, causing the total luminescence (IRHEL) to
insulating ALO; bonding pad. All subsequent measurementsncrease superlinearly. However, by subtracting the EL sig-
were done at room temperature with this contact as electricalal, we see that the signal due to photoexcited carriers alone
ground. Electrical contact to the substrate was made by coldiPEL) continued to increase linearly.
pressing an In contact to the back surface. For all bias voltages, the intensity of the EL is signifi-

Figure 1 shows the current—voltage characteristics of theantly less than that of the IPEL as a result of the rectifying
resulting device with and without sub-band-gap illumination.nature of the Schottky contact. This leakage-current-limiting
Under conditions used here, the Schottky diode was reverdeature enhanced the photoresponse of the device, as is clear
biased, while thgp—i—n junction was forward biased. Illu- from a comparison of current—voltage characteristics with
mination was provided by a single 25-mW diode lafles-  and without photoexcitatiofiFig. 1). The large increase in
sermate LTG-980-25emitting at 980 nn{1.26 eV}, coupled  photoresponse at 0.7 V coincides with the large increase in
into an optical fiber whose emitting end was in close prox-IPEL, confirming that the Schottky contact is performing its
imity to the surface of the device. The photocurrent is clearlyfunction as a gate for photoexcited electrons. This is further
suppressed for biases belew0.8 V. confirmed by data collected at low temperatui@s K). Un-

When a bias of approximately 1.5 V was applied acrosgler such conditions, EL is not observed even at a bias of 2.2
the sample, electroluminescendel) was observed with a V, whereas IPEL can be observed with only a 0.7-V bias.
center wavelength of 850 nif1.42 e\j. This luminescence Thus, we can conclude that electrons must be either ther-
was collected at normal incidence through the Au contact bynally or optically excited in order to overcome the Schottky
a 400um core diameter high-numerical-apertfe39 op-  barrier and recombine in the QW.
tical fiber placed in close proximity to the devi@earallel to We interpret the voltage dependence of the luminescence
the illumination fibe). Figure 2 shows a spectrum of this EL in light of total energy conservation, as depicted in Fig. 4. It
at a sample bias of 1.5 V. This and all other luminescencevould be unphysical, assuming linear response from a pas-

spectra were taken with a Thermo-Oriel MS257 spectrograpkive device in equilibrium, to expect that high enerdw(
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FIG. 4. Band diagram schematic for our device. At IPEL threshold
(=~0.8V), energy added to the systemi{+V) equals the energy dissi-
pated vy, te.t+eite;).

=1.42 eV) photons will be produced directly from low en-

ergy (hv;=1.26 eV) photons. The extra energy must be sup-
plied externally; in this case, by means of an electrical bia

V).

Russell et al.

attributed to electron tunneling through the edge of the
Schottky barrier. Since our experiment uses sub-band-gap
but super-Schottky illumination, tunneling plays a negligible
role in the photoemission process, so the fact that we observe
a similar threshold suggests that the agreement between the
tunneling model and data in Ref. 4 was coincidental. Energy
conservation, as discussed earlier, provides a more compel-
ling reason to expect a threshold where it is observed.

It is possible to envisage more sophisticated devices
based on the idea discussed here. As we did not attempt to
optimize photoresponse or luminescence efficiency, both as-
pects could be improved. In addition, the same structure
could be implemented in different materials, making devices
that respond to and emit at different wavelengths. As an ex-
ample, a similar device made of GaN/InGaN could be grown
on a transparent substrafgapphire to make it possible to
up-convert from near-infrared to visible light. This could be
implemented as an active, pixelless infrared detector. Allard
et al. used a QWIP/LED up-conversion system for a similar
purpose, but this required a more complicated collection ge-
ometry, and, since it up-converted from infrared to near-
infrared, it required another deviéa CCD camerato view
the image produced by the up-converstdn.

In conclusion, we have presented a device for up-

gonversion of radiation that should be directly applicable to

other materials, making it straightforward to up-convert to
and from a variety of wavelengths. We have also presented

The effective Schottky barrier from the Fermi energy in “"™ X , > v
the Au to the surface conduction band minimum of the@n interpretation of device operation in terms of energy con-

Al sGa 1A N-type layer is~1.0 eV, as determined by servation that greatly simplifies the analysis of voltage de-
self-consistent calculations and published values of bangéndence.

8,9 ; ;
offsets” The difference between the maximum energy of  The authors would like to thank the NSF for its financial

the photoexcited electrons and the effective Schottky bameéupport through Grant No. ECS-9906047, as well as NSEC/

is thene ~0.25 eV. This energy is lost in thermalization 10 \\RSEC for the use of their facilities at Harvard University.
the Aly 3dG& 76As conduction band. Additional energy is lost

as both the hole and electron thermalize in the quantum well

(&;; andg;, respectively. This energy is equal to the differ-
ence in band-gap energies betweep £6&, ;As and GaAs
(approximately 0.35 e\’ The amount of energy put into the
system (1.26-eV photoexcitatierD.8 eV bias) minus the
energy lost due to thermalizatig0.6 eV) is approximately
the amount of energy extracted from the systémd5 eV} in

the form of luminescent photons. More precise quantitative
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