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Based on the experimental responsivity of single-period GaN /AlGaN midinfrared �MIR�
heterojunction interfacial work-function internal photoemission �HEIWIP� detectors, we have
optimized in detail the single- and multiperiod GaN /AlGaN MIR HEIWIPs to enhance the light
absorption in the detectors. The yielded parameters of emitter, intrinsic, and bottom contact layers
could achieve large improvement of the MIR peak absorption efficiency in the multiperiod
GaN /AlGaN MIR HEIWIPs. Employing the concept of photon frequency upconversion, we have
further investigated the realization of MIR pixel-less upconversion imaging through the integration
of GaN /AlGaN MIR HEIWIP with a GaN /AlGaN violet light-emitting diode �LED�. Under the
optimized device structures, good imaging characteristics and high upconversion efficiency could be
expected in the GaN /AlGaN HEIWIP-LED MIR upconverter. © 2008 American Institute of
Physics. �DOI: 10.1063/1.2885121�

I. INTRODUCTION

Midinfrared �MIR� detection imaging has important ap-
plications in remote sensing technology, national defense, as-
tronomy, and so on. The present MIR detection imaging is
commonly achieved by expensive InSb or HgCdTe arrays
with special hybrid readout circuits, while a low-cost MIR
imaging device is not commercially available. The rapid
progress in GaAs /AlGaAs quantum well infrared photode-
tectors �QWIPs� provides a price advantage for MIR detec-
tion, but the hybrid readout circuits are still needed to imple-
ment MIR imaging, so the cost remains high. To search for a
low-cost MIR imaging technique, the concept of photon fre-
quency upconversion, proposed and realized in Ge /GaAs
heterojunction in the 1960s,1 makes it possible to convert
long wavelength radiation into short wavelength light, which
could be directly detected by Si charge coupled devices
�CCDs�. Liu and co-workers,2,3 have successfully demon-
strated MIR upconversion imaging through the integration of
GaAs /AlGaAs MIR QWIP with an InGaAs /GaAs near-
infrared �NIR� light-emitting diode �LED�. The basic mecha-
nism of the MIR upconversion imaging is that under a for-
ward constant bias, the MIR excitation decreases the QWIP
resistance and then increases the potential drop across the
NIR LED part, thus leading to an increase of NIR emission
from LED, which falls in the effective imaging range of Si
CCD. Therefore, the upconversion imaging from MIR to
NIR could be realized. It should be pointed out that since the
spatial distribution of incoming MIR radiation can be repro-
duced well in the photocurrent of QWIPs with sufficient
number of periodic structures, this MIR upconversion imag-
ing device is not necessarily separated into pixels,4 which
avoids the hybrid readout circuits and lowers the cost. How-
ever, due to the low responsivity of GaAs /AlGaAs QWIPs

�Ref. 5� and extraction efficiency of LEDs, the upconversion
efficiency of GaAs-based QWIP-LED is not high, usually
about 1%–3%.6

With the breakthrough of growth techniques for the
group-III nitride thin films, GaN-based system has attracted
strong interest with the development in optical devices such
as high-power transistors, ultraviolet photodetectors, blue la-
sers, and LEDs.7 Recently, a novel GaN /AlGaN heterojunc-
tion interfacial work-function internal photoemission �HEI-
WIP� MIR photodetector has been demonstrated.8 The main
structure includes 200 nm Si-doped n+-GaN emitter layer
�5.0�1018 cm−3�, 600 nm AlGaN intrinsic layer �Al compo-
sition is 0.026�, and 700 nm Si-doped n+-GaN bottom con-
tact layer �5.0�1018 cm−3�, as shown in the inset of Fig.
1�a�. The GaN /AlGaN HEIWIP could detect 8–14 �m MIR
light by utilizing the free carrier absorption in the GaN emit-
ter layer, and �0.5 A /W responsivity has been achieved in
this unoptimized photodetector, comparable to that of opti-
mized multiperiod GaAs /AlGaAs MIR QWIPs.9 By opti-
mizing the GaN /AlGaN MIR HEIWIP device structure to
enhance the MIR absorption, the responsivity would be fur-
ther improved, which opens ways to carry out high-
efficiency MIR upconversion imaging via the integration of
GaN /AlGaN MIR HEIWIP with a GaN /AlGaN violet
LED.10

In this paper, according to the experimental responsivity
of single GaN emitter/AlGaN intrinsic layer period HEIWIPs
in Ref. 8, we have optimized in detail the single- and multi-
period GaN /AlGaN MIR HEIWIPs to achieve high MIR
absorption efficiency. We have further studied the application
of the GaN /AlGaN MIR HEIWIP to the pixel-less upcon-
version imaging device through the integration with a
GaN /AlGaN violet LED. It is found that good contrast char-
acteristic and high upconversion efficiency could be ex-
pected in this GaN /AlGaN HEIWIP-LED MIR upconverter.
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II. LIGHT ABSORPTION IN HEIWIPS

A. Theory for light propagation

The detection mechanism for the GaN /AlGaN MIR
HEIWIP shown in Fig. 1�a� is that under a certain bias, due
to the free carrier absorption in the GaN emitter layer, the
electrons are excited to the high energy states upon MIR
radiation, followed by the internal photoemission of photo-
excited carriers across the work function at the interfacial
barrier resulting from the band offset of GaN and AlGaN,
and then collected by the image force at the interface to
generate photocurrent.8 Here, we only consider the free car-
rier absorption process in the GaN /AlGaN MIR HEIWIP. To
deal with the light propagation in the structure, we introduce
the complex refractive index ñ and complex permittivity �̃ of
the GaN layer according to the Drude model for free carrier
after considering the contribution from phonons and
plasmons:11
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where �� is the high frequency dielectric constant, �l, �t,
and � are the frequencies of longitudinal optical phonons,
transverse optical �TO� phonons, and electromagnetic wave,
respectively, � and � are the damping constants of the pho-
non and plasmon, �p=�4�neq

2 /��m* is the plasmon fre-
quency of the free carrier with effective mass m*, ne is the
free carrier concentration, and q is the magnitude of the elec-
tron charge. In the AlGaN layer the complex refractive index
ñ� and complex permittivity �̃� could be expressed as12
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with ��� the high frequency dielectric constant, �t,k the GaN-
like �k=1� and AlN-like �k=2� TO phonon frequencies, Sk

the oscillator strength, 	k the broadening values of TO
phonons, and �� the phenomenological damping constant.
The plasmon frequency in AlGaN, �p�=�ne�q

2 /�0���m*�, is
related to the vacuum permittivity �0, the free carrier concen-
tration ne�, and free carrier effective mass m*� in AlGaN. It
should be noted that the above parameters for GaN and Al-
GaN are derived from Refs. 11 and 12 in the calculations.

We employ the transfer matrix method13 to calculate the
MIR photon absorption in the GaN /AlGaN MIR HEIWIP.
Inside a multilayer semiconductor structure, the electrical
vector in the medium is a superposition of the forward trav-
eling field E+ and the backward traveling field E−. By using
Maxwell equations and the boundary conditions for the elec-
trical vector continuity on the surface between two layers
with complex refractive indices �ñj , ñj+1�, we can express the
electric field at the jth layer in terms of the �j+1�th layer:
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where the subscript j denotes the layer order in the device
structure, 
 j+1=2�ñj+1dj+1 /�0, with dj+1 the thickness of the
j+1 layer, and �0 the wavelength in the vacuum. The light
propagation from the top of the GaN /AlGaN MIR HEIWIP
to the bottom could be described as
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+
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There is no return light at the bottom surface of the HEIWIP,
and therefore, Eout

− =0. Obviously, the physical quantities
needed for the free carrier absorption calculations could be
easily obtained through the transfer matrix M, such as the
reflectance R and transmittance T of the whole structure. The
total MIR absorption in the GaN /AlGaN HEIWIP is then
determined as A=1−R−T.

B. Optimization of single-period GaN/AlGaN MIR
HEIWIPs

According to the detection mechanism, the quantum ef-
ficiency � of GaN /AlGaN MIR HEIWIPs includes the MIR
absorption efficiency �a, internal photoemission efficiency
�i, and barrier collection efficiency �c. Correspondingly, the
responsivity R has the form

R =
�gq�

hc
=

�a�i�cgq�

hc
. �5�

Here g is the photoconductive gain, � is the wavelength of
incoming MIR light, h is the Planck constant, and c is the
speed of light in vacuum. Describing the internal photoemis-
sion process by an escape cone model14 and taking the form

FIG. 1. �Color online� �a� Theoretical �solid curves� and experimental �open
circles� responsivity R of single-period GaN /AlGaN MIR HEIWIP at dif-
ferent incoming wavelengths � and electric fields E, together with the cal-
culated �solid curve� and experimental �solid squares� peak quantum effi-
ciency �p under various E. The inset shows a schematic view of the single-
period GaN /AlGaN MIR HEIWIP. Also presented are the dependences of
peak absorption efficiency �ap of single-period GaN /AlGaN MIR HEIWIP
on �b� thickness dc and doping concentration Nc of the bottom contact layer
and �c� emitter layer thickness de and intrinsic layer thickness di, as well as
the dependences of absorption efficiency �a of single-period GaN /AlGaN
MIR HEIWIP on �d� � and doping concentration Ne of emitter layer.
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of the barrier collection efficiency as in Ref. 15, we have
simulated the responsivity of the single-period GaN /AlGaN
MIR HEIWIP at several electric fields E, as shown in Fig.
1�a�. The broad peak centered at �12 �m in the experimen-
tal results �open circles� is due to the unintentionally intro-
duced carbon impurities or nitrogen vacancies,8 which is ex-
cluded from our theoretical considerations. The good
agreement between the theoretical results �solids curves� and
experimental data strongly demonstrates the free carrier ab-
sorption nature of the 8–14 �m response. Also shown is the
calculated peak quantum efficiency �p ��=9 �m� as a func-
tion of E; the solid squares represent the experimental �p.8

We can see that �p increases steeply in the small E range and
then tends to saturation at high electric fields. It is noted that
the calculated peak absorption efficiency is only �20%,
leaving much space for improvement, and therefore, it is
necessary to enhance the MIR light absorption in the
GaN /AlGaN HEIWIPs.

We first discuss the bottom contact layer to serve as a
bottom mirror. Figure 1�b� shows the dependences of peak
absorption efficiency �ap on the thickness dc and doping con-
centration Nc of the bottom contact layer. At small dc, the
MIR light could penetrate through the bottom contact layer,
leading to insufficient absorption. With the increase of dc, the
thickness would be comparable to or surpass the penetration
length of MIR radiation. More MIR light could be reflected
back and reabsorbed by the emitter layer, so �ap increases
and then saturates with dc. In the light doping bottom contact
layer, the reflective index is small and �ap is low. In the
heavy doping case, the bottom contact layer functions as an
effective bottom mirror and facilitates the absorption. In ad-
dition, the high doping concentration ��1019 cm−3� guaran-
tees reasonable Ohmic contact,16 so dc=1500 nm and Nc

=1.5�1019 cm−3 would be appropriate parameters for the
bottom contact layer.

One may recommend that the distributed Bragg reflector
�DBR� is helpful as a bottom mirror to intensify MIR absorp-
tion in GaN /AlGaN HEIWIPs. In view of lattice matching,
the GaN /AlxGa1−xN DBR should be chosen. However, due
to the low contrast of the refractive index between GaN and
AlxGa1−xN, a large number of GaN /AlxGa1−xN pairs or high
AlN mole in AlxGa1−xN is needed to provide high reflectiv-
ity, which would induce a lot of cracks during the DBR
growth, damaging the performance of the DBR and disturb-
ing the growth of the device structure above it.17 Thus, the
GaN /AlxGa1−xN DBR is impractical here.

It is noticed that after the optimization of the bottom
contact layer, �ap shows an increase of �10%. More im-
provement of absorption might be achieved through the op-
timization of emitter and intrinsic layers. Figure 1�c� displays
the effects of GaN emitter layer thickness de and AlGaN
intrinsic layer thickness di on �ap. For the large de, the ab-
sorption will be effective in the emitter layer, and �ap in-
creases with de. It seems that we should choose an emitter
layer as thick as possible; however, too large de is adverse to
the internal photoemission efficiency;18 de should not exceed
the diffusion length of electrons ��250 nm�. With the in-
crease of di, the MIR light penetrates through the AlGaN
intrinsic layer less easily, resulting in the enhancement of the

reflection at the interface between the emitter and intrinsic
layers, which prompts the absorption in the emitter layer; so
�ap increases. When de is over �1500 nm, the reflection at
the interface saturates and the absorption tends to saturation.
Figure 1�d� presents the relationship between �a and � at
various concentrations Ne of the emitter layer. In the single-
period GaN /AlGaN MIR HEIWIP, the detection wavelength
due to free carrier absorption centers around 9 �m. With
high Ne, there will be more carriers photoexcited in the emit-
ter layer. Under the above optimized parameters, �a in-
creases with Ne slowly; we can set Ne=5.0�1018 cm−3, the
same as the doping concentration adopted in the experiment.8

The present discussion yields the following parameters: dc

=1500 nm, Nc=1.5�1019 cm−3, de=250 nm, di=1500 nm,
and Ne=5.0�1018 cm−3, where the absorption efficiency of
the single-period GaN /AlGaN MIR HEIWIP could be
�50%, still leaving space for improvement.

C. Optimization of multiperiod GaN/AlGaN MIR
HEIWIPs

Following the analysis for single-period GaN /AlGaN
MIR HEIWIPs, we have investigated the HEIWIPs with
multiple periods of GaN emitter/AlGaN intrinsic layers to
realize more MIR absorption, the schematic diagram of
which is shown as the inset in Fig. 2�a�. We have calculated
�a of the multiperiod GaN /AlGaN MIR HEIWIP as func-
tions of period number N and �, illustrated by Fig. 2�a�. With
the increase of N, the MIR absorption intensifies. Neverthe-
less, in order to sustain the impact ionization process in the
detector, the number of periodic structures cannot be in-
creased infinitely. The dependence of N on the device param-
eters could be expressed as 2N−2q2di�0�A,19 with � the
ionization barrier ��31 meV� and A the optical window
area. Theoretical estimation with these parameters yields N

FIG. 2. �Color online� �a� Absorption efficiency �a of GaN /AlGaN MIR
HEIWIP under different incoming wavelengths � and numbers of periods N,
together with the peak absorption efficiency �ap at various N. The inset
illustrates the schematic structure of multiperiod GaN /AlGaN MIR HEI-
WIP. Also given is �ap as functions of N at various �b� thicknesses dc of the
bottom contact layer and �c� doping concentration Nc of the bottom contact
layer.
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 16 as a limit. It is also seen that the absorption center of
the multiperiod GaN /AlGaN MIR HEIWIP shows a slight
blueshift �from about 9 to 8 �m� with the increase of N.
Since the skin depth decreases rapidly with increasing �, the
absorption of short wavelength will be enhanced faster with
N than that of long wavelength in the free carrier response
range �8–14 �m�, which compensates the cavity effect20 and
leads to the slight blueshift of the absorption peak. Together
shown is �ap as a function of N, which increases steeply with
N and then tends to saturation. In fact, when the number of
periodic structures surpasses 8, we can expect over 90% peak
absorption efficiency in the multiperiod GaN /AlGaN MIR
HEIWIP. In the following, we would present the detailed
device optimization of the multiperiod GaN /AlGaN MIR
HEIWIP.

Figures 2�b� and 2�c� display the effect of the bottom
contact layer parameters �dc and Nc� on �ap. For the multi-
period GaN /AlGaN MIR HEIWIP with small N, due to the
effective reflection of the bottom contact layer, �ap changes
with dc and Nc as that in the single-period GaN /AlGaN MIR
HEIWIP case. However, with the large number of periodic
structures in the GaN /AlGaN HEIWIP, �ap is not influenced
much by dc and Nc. Since with large N little MIR radiation
could reach the bottom contact layer and �ap is insensitive to
the parameters of the bottom contact layer, it is not necessary
for dc in multiperiod GaN /AlGaN MIR HEIWIPs to be as
thick as that in the single-period one; we can adopt dc

=700 nm as in Ref. 8 and Nc=1.5�1019 cm−3 for Ohmic
contact.

Now, we study the parameters of the emitter and intrin-
sic layers. Figure 3�a� demonstrates that at small N, �ap in-
creases with di. The MIR light could not penetrate through
the intrinsic layers easily under large di. The reflection is
significant at the interfaces. As a result, the MIR radiation
absorption is enhanced in the emitter layers. With the in-
crease of N, there are more emitter layers contributing to the
MIR absorption, �ap could be high enough that even the MIR
light penetrates through the intrinsic layers, a thick intrinsic

layer is not necessary, and �ap will saturate at certain values
of di. Figures 3�b� and 3�c� show the change of �ap with N at
different de and Ne. In the small N range, �ap increases with
de and Ne. Under the large N, �ap first increases with de and
then saturates; at the same time, �ap does not show any ob-
vious dependence on Ne. This is due to the fact that at large
N, the sufficient number of emitter layers can compensate the
requirement of a thick emitter layer and high Ne to realize
sufficient absorption.

The above analysis indicates that with the following pa-
rameters: dc=700 nm, Nc=1.5�1019 cm−3, di=600 nm, de

=200 nm, and Ne=5.0�1018 cm−3, we can achieve much
improved MIR absorption in multiperiod GaN /AlGaN HEI-
WIPs. Under these optimized parameters, the responsivity of
multiperiod GaN /AlGaN MIR HEIWIPs has been calcu-
lated, as shown in Fig. 3�d�. Compared to the GaAs /AlGaAs
QWIP, which has a responsivity of only 0.01–0.03 A /W,5

the multiperiod GaN /AlGaN HEIWIP is more sensitive to
the MIR radiation, showing the good response characteristic
for application to the upconversion imaging device discussed
in Sec. III. Moreover, we point out that in contrast with the
optimized layer thicknesses of the single-period
GaN /AlGaN MIR HEIWIP, those in the multiperiod one are
thinner, which ensures that the response time of the
GaN /AlGaN MIR HEIWIP would not be extended much
even with multiple periods.

III. HEIWIPS FOR UPCONVERSION IMAGING

A. Photocurrent from HEIWIPs

Integrating the GaN /AlGaN MIR HEIWIP with a
GaN /AlGaN violet LED, we can carry out the photon fre-
quency upconversion from MIR to violet light and imple-
ment the detection imaging through Si CCD. The schematic
structure of the GaN /AlGaN HEIWIP-LED upconverter is
shown in Fig. 4�a�. At the same time, the band diagram of the
HEIWIP-LED upconverter under operating condition is il-
lustrated by Fig. 4�b�, where the electrons are represented by
solid circles and holes by open circles, EC is the conduction

FIG. 3. �Color online� Relationship between peak absorption efficiency �ap

and number of periods N under different �a� intrinsic layer thicknesses di, �b�
emitter layer thicknesses de, and �c� doping concentrations Ne in the emitter
layer. Also shown is the responsivity of GaN /AlGaN MIR HEIWIP at vari-
ous �d� incoming wavelengths � and N.

FIG. 4. �Color online� �a� Schematic structure of GaN /AlGaN HEIWIP-
LED upconverter, �b� band diagram of GaN /AlGaN HEIWIP-LED upcon-
verter under operating condition, �c� spatial frequency f dependence of con-
trast transfer characteristic C�f� at different numbers of periods N, and �d�
spatial frequency f dependence of C�f� at different capture probabilities pc.
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band, and EV indicates the valence band. Under the biasing
condition and upon MIR radiation, electrons are photoex-
cited from the low energy states to the high ones of the
conduction band in the GaN emitter layers, followed by in-
ternal photoemission of photoexcited electrons across the in-
terfacial barrier, and are collected by the image force to gen-
erate photocurrent. The photoexcited electrons past the
HEIWIP are injected into the LED active layer and then they
recombine with the holes from the p-clad layer, leading to
the emission of violet light through the radiative recombina-
tion, which falls in the effective detection range of Si CCD.
Thus, the upconversion imaging from MIR to violet radiation
is realized.

Employing the spectral decomposition approach, we can
express the radiation photon flux distribution of a two-

dimensional sine target as �in=�0
in+�

f�
in

cos 2�f�r�, with r�

= �x ,y�, �0
in the average photon flux of the incoming MIR

radiation, f the spatial frequency �reciprocal of the spatial
period of a sine target�, and �

f�
in

the signal part amplitude of
the sine wave. We assume that the in-plane potential is uni-
form within the emitter layers. The carrier transport along the
z axis drifts with a constant velocity and neglects the thermal
emission of carriers �the working temperature of
GaN /AlGaN MIR HEIWIPs is �5.3 K�. Starting from the
current continuity equation of the carrier transport in the
GaN /AlGaN MIR HEIWIP, we can get the average photo-
current density j0 over the planes:18

j0 =
qG�0

in

pc
, �6�

and the signal photocurrent density part j f� reaching the
GaN /AlGaN violet LED:

j f� = qG�
f�
in

exp�− 4�2l2f2�
1 − �1 − pc�N exp�− 4�2l2f2N�

1 − �1 − pc�exp�− 4�2l2f2�
.

�7�

Here G is the ratio of photocarriers across the interfacial
barriers, l is the characteristic diffusion length, and pc is the
carrier capture probability.21

B. Contrast transfer characteristic

To investigate the figure of merit of the GaN /AlGaN
MIR HEIWIP in the upconversion imaging device, we study
the contrast transfer characteristic C�f� of the GaN /AlGaN
MIR HEIWIP, which is the ratio of the photocurrent contrast
�j f� / j0� to the object contrast ��

f�
in /�0

in� and indicates the abil-
ity of GaN /AlGaN HEIWIP to maintain the spatial distribu-
tion of MIR radiation. From Eqs. �6� and �7�, we can get
easily

C�f� =
j f�/j0

�
f�
in/�0

in
= pc exp�− 4�2l2f2�

�
1 − �1 − pc�N exp�− 4�2l2f2N�

1 − �1 − pc�exp�− 4�2l2f2�
. �8�

Clearly, C�f� relates closely to N and pc. We have calcu-
lated the relationships among them at different spatial fre-
quencies, as shown in Figs. 4�c� and 4�d�. From Fig. 4�c�, it
can be seen that C�f� increases with N, indicating that the
object contrast can be transferred better through the photo-
current with the larger N. On the other hand, the spatial
distribution of the incoming MIR light can be reproduced
well in the photocurrent density driving the GaN /AlGaN
violet LED for the GaN /AlGaN HEIWIP with sufficient
number of periodic structures, and then the GaN /AlGaN
HEIWIP-LED upconverter is not necessarily separated into
pixels.4 Considering the discussion for the limitation of N in
Sec. II C, N=16 would be preferred for the multiperiod
GaN /AlGaN MIR HEIWIP to implement pixel-less upcon-
version imaging. We note that due to the diffraction limit, the
total active part of the GaN /AlGaN HEIWIP-LED should
not be thicker than the MIR wavelength in order to get an
image with negligible distortion.2 For the incoming 8 �m
MIR light, the active segment of 16-period GaN /AlGaN
MIR HEIWIP and GaN /AlGaN violet LED could meet the
requirement. Figure 4�d� displays the effect of pc on C�f�;
C�f� is higher for the larger pc. By analyzing Eqs. �6� and
�7�, we know that with the increase of pc, the uniform pho-
tocurrent part will decrease faster than its nonuniform coun-
terpart; the object contrast is then efficiently transferred.
Also, the dependence of C�f� on pc is not so significant for
the large value of pc, and we could get satisfying contrast
transfer characteristic for pc=0.2. Nevertheless, pc is not a
quantity correlating directly with the practical device design,
and we should try to find the physical quantities influencing
pc.

In fact, pc is relevant with the photoconductive gain of
the GaN /AlGaN MIR HEIWIP. The relationship between
them could be described as21

g =
1 − pc

Npc
. �9�

Furthermore, according to the analysis of the detector intrin-
sic time response,22 the current responsivity ties to the elec-
tric field E by

R =
3�q��E

2NwkT0
, �10�

where � is the mobility of electrons, � is the energy relax-
ation time of the hot electrons, w=de+di is the thickness of
the GaN emitter/AlGaN intrinsic layer period, k is Boltz-
mann’s constant, and T0 is the working temperature of
GaN /AlGaN MIR HEIWIPs. Substituting Eq. �9� into Eq.
�5� and using Eq. �10�, we could obtain

pc = 
1 +
3��Ehc

2wkT0�
�−1

. �11�

We have further investigated the effects of E and w on
pc, as demonstrated in Fig. 5. Under the weak electric field,
the hot electrons pass the GaN /AlGaN MIR HEIWIP slowly,
resulting in the large possibility to be captured, so pc in-
creases with the decrease of E. The quantum efficiency of
GaN /AlGaN MIR HEIWIP is not high at low electric field
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due to the low collection efficiency, as illustrated in Fig. 1�a�.
The optimal value of pc should be a trade-off between good
contrast transfer characteristic and high quantum efficiency.
In addition, since the hot carriers will spend more time pass-
ing through the emitter/intrinsic layer period with large w,
they will have a high probability to be captured, and pc in-
creases with w. However, large w might increase the re-
sponse time of the GaN /AlGaN MIR HEIWIP, which is not
appreciated. Taking into account that the satisfying contrast
transfer characteristic of HEIWIPs could be achieved at pc

=0.2, we can select N=16, E=13 000 V /cm, and w
=800 nm as suitable parameters for the application of
GaN /AlGaN MIR HEIWIPs to the pixel-less upconversion
imaging device.

We also note that the lateral diffusion of current is ad-
verse to the imaging characteristics. During the transport of
the photocarriers to the LED, the lateral diffusion length of
the photocarrier has the form l=�DNw /v, where D is the
lateral diffusion coefficient and v is the drift velocity of the
photocarriers. For the detector with D=0.1–0.3 cm2 /s, N
=16, w=800 nm, and v�106 cm /s; the lateral diffusion
length of the photocarriers reaching the LED is in the range
of �1 �m, far less than the MIR wavelength �8 �m�. There-
fore, according to the diffraction limit, the lateral diffusion of
current in the present upconverter structure is negligible in
practice, which would not induce obvious distortion and
smearing of the MIR image.

C. Upconversion efficiency

Upconversion efficiency �up is the ratio of violet photon
flux to the incoming MIR one, denoting how efficiently the
MIR radiation is converted into violet light. Using the carrier
diffusion equation in the LED active region and considering
the photon recycling process,23 we could obtain the relation-
ship between the output violet light photon flux and photo-
current density; the detailed analysis can be found in Ref. 24.
By using Eqs. �6� and �7�, we can derive the upconversion
efficiency of GaN /AlGaN HEIWIP-LED. Figure 6 shows
�up of GaN /AlGaN HEIWIP-LED and GaAs /AlGaAs
QWIP-LED as functions of internal quantum efficiency �int

and photon extraction efficiency �pc of GaN /AlGaN violet
LED. For the high �int, the hot carriers recombine effectively
in the GaN active layer of LED, leading to the generation of
more violet photons and benefiting the �pc. Generally, �int

could reach over 90% by reducing the nonradiative recom-
bination process.23 In normal LEDs, due to the internal total
reflection, the photons generated in the active region have
small a probability to escape the LED; �pc is not high ��2%
in GaAs /AlGaAs and �5% in GaN /AlGaN LEDs�. Never-
theless, large �up is required to provide sufficient violet pho-
tons detected by Si CCD in the upconverter. We have pre-
dicted that �up could be achieved over 20% in the powerful
resonant-enhanced LEDs.24 At the same time, the existence
of a resonant cavity guarantees negligible cross-talk resulting
from the leaked violet photons from the GaN /AlGaN LED
reabsorbed by the emitter layers of GaN /AlGaN MIR HEI-
WIPs.

It should be noted that, although the material quality of
GaN at present is not as good as that of GaAs, there will be
much defects generated in GaN thin film during the growth;
however, the diffusion length of electrons in GaN is signifi-
cantly larger than that in GaAs. The light absorption effi-
ciency increases with the thickness of the emitter layer until
the thickness is larger than the diffusion length, where only a
fraction of electrons contributes to the output current density;
therefore, the light absorption efficiency tends to saturation
due to the lost of electrons in the diffusion. This allows us to
fabricate GaN-based photodetector with a much thicker emit-
ter layer than its GaAs counterpart, and the higher light ab-
sorption efficiency in GaN HEIWIP detector can be realized.
As a result, we can expect that the upconversion efficiency of
GaN /AlGaN HEIWIP-LED is higher than that of
GaAs /AlGaAs QWIP-LED. All of these show that the opti-
mal multiperiod GaN /AlGaN MIR HEIWIPs have signifi-
cant potential application in the MIR pixel-less upconversion
imaging.

IV. SUMMARY AND CONCLUSION

We have investigated the enhancement of free carrier
absorption in the single- and multiperiod GaN /AlGaN MIR
HEIWIPs on the basis of the responsivity simulations for the
single-period case. Employing the transfer matrix method to
deal with MIR absorption in the detectors, we have yielded
the optimized thicknesses of the emitter, intrinsic, and bot-
tom contact layers, as well as the doping concentrations of
the emitter and bottom contact layers. We have found that
under the optimized device parameters, over 90% peak ab-

FIG. 5. �Color online� pc as a function of electric field E under various GaN
emitter/AlGaN intrinsic layer period thicknesses w. FIG. 6. �Color online� Upconversion efficiency �up of GaN /AlGaN

HEIWIP-LED �top� and GaAs /AlGaAs QWIP-LED �bottom� as functions
of LED internal quantum efficiency �int and extraction efficiency �pc.
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sorption efficiency can be expected in the GaN /AlGaN MIR
HEIWIP with more than eight periods. By integrating the
GaN /AlGaN MIR HEIWIP with a GaN /AlGaN violet LED,
we have studied the MIR pixel-less upconversion imaging in
this GaN-based HEIWIP-LED upconverter. Through the
analysis of the contrast transfer characteristic for the detec-
tor, we choose a 16-period GaN /AlGaN HEIWIP to serve as
the detector segment to implement MIR pixel-less upconver-
sion imaging, where we could also achieve high upconver-
sion efficiency in the optimized GaN /AlGaN HEIWIP-LED
MIR upconverter.
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