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Resonant-Cavity-Enhanced Far-Infrared
Upconversion Imaging Devices
L. K. Wu and W. Z. Shen

Abstract—We have carried out a detailed investigation on the
application of resonant cavities to the photon-frequency-upconversion-based far-infrared (FIR) semiconductor imaging devices. The
employment of a bottom mirror (BM) enhances the FIR photon
absorption efficiency and, therefore, increases the quantum efficiency of GaAs homojunction interfacial work- function internal
photoemission (HIWIP) FIR detectors. Significant improvement
of the extraction efficiency could be achieved in resonant cavity
enhanced (RCE) GaAs–AlGaAs near-infrared (NIR) light-emitting diodes (LEDs) through redirecting as many NIR photons as
possible into the escape cone. Under the optimal structural parameters, we have predicted that the upconversion quantum efficiency of the integrated HIWIP-BM-RCE-LED imaging device
could be boosted to 5–6 times of the normal HIWIP-LED upconverter without any resonant cavities. As a consequence of few reincarnation cycles needed by NIR photons to escape in the photon
recycling process, we can further expect sharp and high-resolution
imaging in HIWIP-BM-RCE-LED.
Index Terms—Cavity resonators, infrared imaging, optical frequency conversion, semiconductor device modeling.

I. INTRODUCTION

I

N THE visible and near-infrared (NIR) region, the conventional silicon charged coupled devices (CCDs) are high performance and low cost image sensors with the detection wavelength up to about 1 m. Beyond the Si CCD response range, the
imaging of midinfrared (MIR) and far-infrared (FIR) radiation
has a lot of applications, such as surveillance, tracking, biomedicine, space astronomy, quantum computing, and spectroscopy.
Currently, the MIR imaging is often achieved by expensive InSb
and HgCdTe arrays, while there are no semiconductor image
sensors commercially available for the FIR radiation. The concept of the photon frequency upconversion proposed in 1960s
[1] provides possibilities for semiconductor detection imaging
of arbitrary wavelength light. By integrating a MIR/FIR semiconductor photodetector with a NIR light-emitting diode (LED)
under a forward bias, one can expect the increase of the potential
drop across the LED due to the reduction of the photodetector
resistance upon MIR/FIR radiation. The upconverted image of
the MIR/FIR object is realized by the short NIR emission from
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the LED, which falls into the efficient imaging range of the Si
CCD. Liu et al. [2], [3] have demonstrated successfully the MIR
detection imaging with an upconverter consisting of a GaAs–AlGaAs quantum-well infrared photodetector (QWIP) and an InGaAs–GaAs LED. The detection imaging of QWIP-LED [4],
photon recycling effect in LED [5], and photonic breakdown in
QWIP [6] have been further investigated theoretically in order to
understand the MIR imaging mechanism and improve the performance of the QWIP-LED upconverter. We have proposed a
FIR semiconductor upconversion device [7] through integrating
a GaAs homojunction interfacial work-function internal photoemission (HIWIP) FIR detector [8] with a GaAs–AlGaAs NIR
LED, and studied the imaging characteristics and quantum efficiency of the HIWIP-LED upconverter.
It should be noted that this kind of semiconductor upconverter
is not necessarily separated into pixels with sufficient number
of periodic structures in QWIP [2], [4] and HIWIP [7] under
the condition of weak carrier lateral diffusion in the LED, since
the output distribution of the photocurrent density driving the
LED can almost reproduce the spatial distribution of the incident IR radiation intensity [4]. This avoids the conventional silicon readout circuit hybridization for detection imaging, and can
bring down significantly the cost of IR imaging. However, the
keys to practical application of these upconverter imaging devices are high quantum efficiency and good image quality. With
the optimal parameters of the imaging systems, the QWIP-LED
and HIWIP-LED upconversion devices could be pixelless with
satisfying image quality [2], [4], [7]. Nevertheless, in the normal
LED, the semiconductor refractive index is rather high, only
those photons with the incident angle smaller than the critical
angle could escape the LED due to the total internal reflection. Accordingly, the external efficiency of the LED is not high
and the upconversion efficiency of the QWIP-LED MIR upconverter is very low (1%–3%) [9]. This could get even worse in
the HIWIP-LED FIR upconverter due to the poor free carrier
absorption efficiency of the GaAs HIWIP FIR detector, manifesting the upconversion efficiency of only 1% [7].
To improve the performance of the semiconductor upconversion devices, a heterostructure bipolar transistor structure has
been proposed into the QWIP-LED upconverter to amplify the
photocurrent signal [10]. Another efficient way is to employ a
resonant-cavity-enhanced LED (RCE-LED) [11], but without
any detailed investigation until now. With an appropriate resonant cavity design, the preferential propagation direction of the
NIR photons can be forced from total reflection regime toward
the extraction cone [12], so the quantum efficiency of LED could
be improved, and NIR photons need less number of reincarnations to emit out in the photon recycling [13]. Due to the long
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and high
choose AlAs and Al Ga As as the low
refraction indexes of the DBR. We note that the existence of
resonant cavities would not induce the obvious change in the
electrical characteristics of the system [15], [16].
Under the nonuniform FIR radiation, the holes of the low energy states in the emitter layers of the GaAs HIWIP FIR detector are photoexicted to high energy ones, diffuse to the emitting interfaces and tunnel through the interfacial barriers determined by the bandgap narrowing effect, and then collected by
the image force at the interfaces under a favorable applied forward bias [17]. The nonuniform photocurrent from the GaAs
HIWIP FIR detector injects into the NIR LED active region.
Confined by the p-clad and n-clad AlGaAs layers, most of the
photocarriers recombine there and lead to nonuniform NIR radiation through the spontaneous radiative recombination, so the
upconversion of FIR scenes to NIR images is realized.
We employ the spectral decomposition approach to analyze
the performance of the HIWIP-BM-RCE-LED upconverter.
The radiation photon flux distribution of a two-dimensional
, with
sine target is assumed

Fig. 1. Schematic view of the cross section of an integrated HIWIP-BMRCE-LED FIR to NIR upconverter.

wavelength and free carrier absorption nature in the HIWIP FIR
detector, the design of RCE HIWIP photodetectors is more complex in comparison with the NIR and MIR ones. Recently, we
have demonstrated that the absorption efficiency could increase
significantly in the GaAs HIWIP FIR detector with a single period of undoped/doped GaAs bottom mirror (BM) through the
resonant absorption [14]. In the present work, we apply the resonant cavity structures to both the HIWIP FIR detector and NIR
LED. We will show that the upconversion quantum efficiency
of incoming FIR radiation to output NIR light can be boosted to
5–6 times in the HIWIP-BM-RCE-LED upconverters with even
better NIR image quality of the FIR object, as compared with
their HIWIP-LED counterparts.

radiation,

the average photon flux of the incoming FIR
the spatial frequency, and
the signal part

amplitude of the sine wave. Under the resonant condition,
destructive interference occurs at the interfaces between the
emitter and intrinsic layers, and the reflection at the interfaces
could be ignored. From a scalar-wave view in the detector
resonant cavity, the forward traveling part of the incident FIR
light wave electrical field at the top interface is the sum of
the transmitted field and the feedback after a round trip in the
cavity, the backward traveling part is the reflected wave of the
FIR light at the bottom mirror [18]. We could calculate the light
power absorbed in the detector resonant cavity through both the
traveling parts. Neglecting the absorption in the intrinsic layers
and considering the diffusion of holes in the active layers and
collection at the interfaces, we have the ratio of photocarriers
across the interfacial barriers between the emitter and intrinsic
layers [18]

II. THEORETICAL BACKGROUND
Fig. 1 shows the diagram of a HIWIP-BM-RCE-LED integrated upconversion imaging device and its operating principle
on the top p -GaAs and bottom
under an applied bias
n -GaAs contact layers. The basic structure of GaAs HIWIP
periods of heavily doped
FIR detector consists of several
p-GaAs emitter layers (thickness
) and undoped GaAs
intrinsic layers (thickness ) across which most of the voltage
is dropped. As stated in the Introduction, we employ a single
period of undoped/doped GaAs BM with the reflectivity
to realize the resonant absorption of the FIR photons [14], the
top mirror of the detector resonant cavity can be the native
semiconductor to air interface. The double heterostructure NIR
LED consists of narrow-gap GaAs active layer bounded by two
wide-gap confining p- and n-AlGaAs layers, with the thickness
and , respectively. The
and
pairs of distributed
Bragg reflector (DBR) serve as the top and bottom mirrors
of the NIR RCE-LED. Considering the lattice matching, we

(1)
here
is the reflectivity of the top interface of the GaAs HIWIP
FIR detector,
is the reflectivity of the BM,
is the coefficm
[8]
cient of free carrier absorption,
the doping concentration of the p-GaAs emitter layers,
with
is the distance from the interface to the barrier maximum in
the GaAs HIWIP FIR detector, and
[8] is the hole
scattering length in the image force well. The first two terms on
the right-hand side of (1) are associated with the photocarriers
excited by the FIR absorption in the single emitter layer, the
third term describes the carrier scattering loss during reaching
the interface, and the last exponential indicates the capability of
the carriers traveling from the interface to the barrier maximum
due to the image force effect.

WU AND SHEN: RCE FIR UPCONVERSION IMAGING DEVICES

413

We neglect the impurity compensation in the p-GaAs emitter
layers, the carrier diffusion along the axis , and the carrier drift
along axes and . By assuming that the in-plane potential is
uniform within the emitter layers, we can write the output photocurrent density from the current continuity equation of the
hole transport in the HIWIP FIR detector [7]
(2a)
with the average photocurrent density

, where
(in the
real structure of RCE-LED, the thickness of the active layer
is much less than the length of the cavity [22] and could
be neglected here),
is the source position, is the
wavevector, and are the phase shifts of the NIR radiation
reflecting on the top and bottom DBRs, respectively. For bulk
semiconductor material where the emitting dipoles are isotropic
is given by
on average, the total emitted angular intensity
[20]

of

(4)
(2b)

and

of the NIR RCE-LED can be obtained via

and the signal part amplitude of the output current density
(5)

of

(2c)
where is the unit charge,
is the capture probability [19]
of holes in the GaAs emitter layers, and is the characteristic
diffusion length. The inverse relationship of and in (2b) is
due to the fact that more photocarriers will be captured during
the transport for larger , resulting in the smaller generation of
.
In the commonplace LED, the small critical cone angle imposed by Snell’s law covers a solid angle of only
steradians, resulting in a low extraction efficiency
of photons. Take GaAs–AlGaAs NIR LED for example, since the refractive index n of GaAs is high ( 3.527), the extraction efficiency is only 2%. It has been demonstrated that the photon
recycling mechanism in high-quality LED could improve the
quantum efficiency, emitted photons undergoes as many reabsorption and reemission cycles as necessary in the active layer
until a favorable angle is found, while at the same time, the NIR
photons will experience parasitic losses and nonradiative losses
in the cycles [13]. The DBR cavity strongly enhances the extraction probability of photons and reduces the average number
of cycles in the photon recycling before a NIR photon escapes,
relieving the high-quality material demand of LED for far more
practical device design.
of the NIR
We can examine the extraction efficiency
RCE-LED via the method proposed by Benisty et al. [12],
[20]. In the DBR resonator, the spontaneous emission of electron–hole pairs can adequately be represented by an electric
dipole. Decomposing an arbitrary linear polarization of the
dipoles in NIR RCE-LED into transverse electric [ , only for
dipoles] and transverse magnetic [p, for both
horizontal
ones] [20], we get the emitted
horizontal and vertical
intensity

In RCE-LED, the Purcell factor is close to one, resulting in
a negligible spontaneous emission rate enhancement [20]. The
spatial photon flux distribution of the output NIR radiation from
the NIR RCE-LED is
(6)
where
and are the sheet concentration and radiative recombination lifetime of the injected photocarriers in the active
region, respectively. Under the condition of photon recycling
is related with the output
effect, the sheet concentration
photocurrent density and the fluxes of the NIR radiation propalong the active region [5]
agating back and forth

(7a)
(7b)
where and
are the diffusion coefficient and nonradiative
lifetime of the injected photocarriers in the active layer, respectively, is the photon group velocity,
, where
is the photon absorption coefficient for
the active region,
is that for the surrounding layers, and
.
By solving the (6) and (7), we have the output NIR photon
flux
(8a)
with the average photon flux

of
(8b)

and the signal part amplitude

of

(3)
the internal emission angle of dipoles,
the
with
the source terms
top (bottom) amplitude reflection,
of different dipoles [21],
, and

(8c)
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where is the diffusion length of carriers in the GaAs active
is the internal quantum efficiency of the NIR
layer, and
.
RCE-LED:
III. QUANTUM EFFICIENCY OF HIWIP-BM
The free carrier absorption in the emitter layers will be intensified after adding a bottom mirror to the GaAs HIWIP FIR
detector, which benefits to the quantum efficiency
of the HIWIP-BM structures. Using (1) and (2), we can obtain, under the resonant condition,

(9)
is the internal photoemission efficiency inwhere
dicating the probability of the photoexcited carriers reaching the
is the barp-GaAs–i-GaAs interface by diffusion,
rier collection efficiency, and the other part on the right-hand
side of (9) is the photon absorption efficiency, which represents
the detector cavity enhancement effect. The top of the FIR detector cavity is the native semiconductor and air interface, the
large refractive index difference at the boundary provides a re% [18]. Due to the long wavelength of
flectivity of
FIR radiation, the normal DBR cannot provide effective reflectivity, and one-fourth wavelength of the thickness is beyond the
ability for the molecular beam epitaxy growth of the integrating
upconverter structures. We have demonstrated the powerful undoped/doped GaAs bottom mirrors for FIR reflection [14].
Except for the following examined parameters, the relationship between the other parameters of GaAs FIR HIWIP-BM deis the same as the case of the normal
tectors and
FIR detectors without bottom mirrors, so the other parameters
selected in the calculations comply fully with [7]. We study the
on
, and
at a chardependences of
lp/mm, as shown in Fig. 2.
acteristic spatial frequency
increases
From Fig. 2(a), we can observe that
with
at any . This is due to the fact that with the larger
, more FIR radiation is reflected back by the bottom mirror
and the absorption in the emitter layers is enhanced. However,
exhibits a maximum at a certain
of
nm, different from the optimal
(
nm) for the normal
GaAs HIWIP FIR detector [7]. With the increase of emitter layer
, the photon absorption efficiency will increase,
thickness
while the internal photoemission efficiency decreases. Due to
the bottom mirror effect, the photon absorption efficiency domat small , resulting in the increase of
inates
with . Further increase of
will lead to
the rapid decrease of the internal photoemission efficiency, and,
. The involvement
therefore, the decrease of
for maximal
of the bottom mirror will modify the optimal
quantum efficiency.
It should be noted that the present quantum efficiencies
are consistent with the previous results under resonant condi-

Fig. 2. (a) Calculated quantum efficiency of the HIWIP-BM FIR detector vs the
reflectivity of the bottom mirror R and the emitter layer thickness w under
N = 4:0
10 cm ; p = 0:07, and f = 5 lp/mm. (b) Dependence of the
quantum efficiency of the HIWIP-(BM) FIR detector on the emitter layer doped
concentration N at w = 40 nm, p = 0:07; R = 0:9, and f = 5 lp/mm.

2

tion [23] after considering approximately 35% of the barrier
collection efficiency with the optimal parameters. The FIR
radiation absorption efficiencies also agree well with those
obtained through the transfer matrix method [24]. Fig. 2(b)
presents the effect of the emitter layer concentration
on the
quantum efficiency of the GaAs HIWIP FIR detector with and
is, the
without the bottom mirror. We note that the larger
is
more carriers can be photoexcited, and
proportional to
no matter whether there is a bottom mirror
cannot be increased
in the HIWIP FIR detector. However,
indefinitely, it is limited by the Mott transition concentration
( 5.02 10 cm for p-GaAs [17]), under which our HIWIP
FIR detectors cannot work. Here we choose
cm
for the FIR detection wavelength centered at 60 m,
the same as the value in the case of normal HIWIP-LED [7].
Furthermore, it is clear from Fig. 2(b) that we can achieve large
improvement (more than two times of the common FIR HIWIP
case at 4.0 10 cm ) of the quantum efficiency in GaAs
FIR detectors with resonant bottom mirrors. This is expectable
since the photon absorption will be enhanced dramatically with
there.
a small increase of
IV. QUANTUM EFFICIENCY OF RCE-LED
The application of DBR cavity to the NIR LED is helpful
for the improvement of the extraction efficiency
. Due to the
large absorption coefficient of GaAs at the LED emission wavelength, we select the typical AlAs–Al Ga As DBR for the
NIR LED, instead of the AlAs–GaAs one, with the low refrac, the high one of Al Ga As
tive index of AlAs
, and the resonant wavelength of 0.88 m, which
falls into the efficient imaging range of conventional Si CCDs.
Here, we employ the hard mirror approximation [25] of a reflector with a constant complex reflectivity for the DBR
(10)
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Fig. 3. (a) Reflectivity R and penetration length l of the DBR as a function
of number of DBR pairs. The relationship of the NIR RCE-LED extraction efficiency  with (b) the number of top DBR pairs N and bottom DBR pairs
N under l = 0:25 m and = 0:9, and (c) the DBR cavity length l and
source position at N = 1 and N = 6.

where

is the amplitude reflectivity of the DBR,
, and is the penetration length of the NIR photons,
which is proportional to the phase shift of the NIR radiation
and
depend on the number of
reflecting on the DBR.
DBR pairs (including both the top and bottom DBRs) [25], and
Fig. 3(a) has displayed the calculated relationships between the
and the number of DBR pairs. It
power reflectivity
is seen that both and first increase with the number of DBR
pairs, and then saturate ( to unit and
to a certain value)
when the top and bottom DBRs have more than 13 pairs.
With the top and bottom DBRs in the NIR LED, the interference effects will lead to the modification of the internal angular
power distribution. The propagation direction of NIR photons
would have a large probability to fall into the critical angle, i.e.,
. As a result, it is important to optimize
the enhancement of
the top and bottom DBR mirrors. Fig. 3(b) displays the effects of
and that of bottom DBR pairs
the number of top DBR pairs
on the extraction efficiency
. At small values of
and
, the interferences in the DBR cavity are diminished since the
reflectivity of the top and bottom DBR mirrors is very low [see
is hardly achieved. With large number of
Fig. 3(a)], so high
the DBR pairs, due to the significant phase shift of NIR light reflecting on DBRs [also see Fig. 3(a)], the cavity order (number
of resonances, depends on the round-trip phase evolution of the
NIR light in the DBR cavity) of NIR RCE-LED is high, which is
[12]. The optimal number of DBR pairs should be
adverse to
a tradeoff between the high reflectivity and small phase shift of
the NIR light. Furthermore, to ensure escape of the NIR photons

415

on the top side, the bottom mirror should be far more reflective
than the top one [12], [22]. Based on the results in Fig. 3(b), we
and
as suitable numbers of the top and
choose
bottom DBR pairs.
In addition to the DBRs, the position of the active layer in NIR
RCE-LED also plays important roles in the spatial distribution
of the optical field. The standing wave effect indicates that the
radiated emission in a particular direction is high if the standing
wave field is strong at the source position, which can be utilized to enhance the emission within the critical angle of the NIR
with
photons [20]. Fig. 3(c) exhibits vibrational behavior of
both source position
and cavity length
. Considering the
practical device design [22], we investigate the variation of
with the cavity length in the range of less than 0.5 m. For
very small values of , the confinement of the n-clad and p-clad
layers is weak and the carriers cannot recombine efficiently in
. In the large range,
the active layer, which leads to a low
indicates that, under a fixed , we could
the dependence of
when the active layer lies at certain positions of
obtain large
the cavity (where the standing wave effect is notable). Genercan reach above 20%, consistent with the experimental
ally,
% [26]. In the case of
m, we
result of
when
. However,
means
can expect a maximal
that the n-clad layer does not exist and the buffering effect is
m and
as two optimal
absent, so we select
structural parameters of the NIR RCE-LED.
With the above optimal parameters, the extraction efficiency
of the NIR RCE-LED can be achieved as high as 25%, more
than 10 times of 2% in normal NIR LED without the DBR
cavity, showing significant enhancement of the extraction efficiency in NIR LED with DBRs. However, besides the extraction
, the photon recycling effect [27] also plays an
efficiency
important role in the external quantum efficiency of RCE-LED
, as revealed in [7]. The external quantum efficiency of the NIR RCE-LED under the photon recycling can be
easily obtained from (8c)

(11)
If we neglect the absorption in the confinement layers at small
,
spatial frequencies, (11) reduces to
the same expression as the quantum efficiency of RCE-LEDs
taking into account the photon recycling effect in [28].
Within a DBR cavity, the photon recycling in LED could be
changed due to the enhancement of the extraction efficiency.
Furthermore, the absorption of NIR photons in the LED also
depends on the thickness of the active layer, which in turn influences the photon recycling too. Fig. 4 presents the dependence
on the LED active layer thickness
under
of
at a fixed spatial frequency
different extraction efficiencies
of
lp/mm, together with the normal NIR LED with photon
recycling for comparison. The increase of intensifies the NIR
photon absorption in the active layer and the trapped photons
can be reabsorbed more efficiently, leading to the enhancement
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Fig. 4. Active layer thickness d dependence of RCE-LED external quantum
efficiency at different  , together with the normal LED case for comparison
at  = 0:9 and f = 5 lp/mm.

of photon recycling and a large
. However, the
nonradiative recombination of the injected photocarriers in the
active layer will also increase with , which limits the internal
efficiency
[29], therefore
gradually satunm. The higher extraction efficiency induces
rates at
fewer cycles needed by NIR photons to escape in the photon recycling process, the total optical parasitic optical losses and nonradiative recombination loss in the photon recycling are smaller
[13], resulting in a higher external quantum efficiency of the
NIR RCE-LED. Nevertheless, it should be pointed out that, due
to the different photon recycling effects, although the extraction
efficiency in RCE-LEDs can be enhanced more than ten times of
normal LEDs, the comparison in Fig. 4 reveals only 2–3 times
of the increase in the external quantum efficiency of RCE-LEDs
over normal LEDs [7].
V. PERFORMANCE OF HIWIP-BM-RCE-LED
After demonstrating the improvement of the quantum efficiency in individual HIWIP FIR detector and NIR LED
structures with the employment of resonant cavities, we further investigate the upconversion quantum efficiency
of the integrated HIWIP-BM-RCE-LED upconverter to see
the efficiency of these two resonant cavities in converting the
is defined as
FIR radiation into the output NIR images.
and can be easily yielded from (2c) and
(8c). Fig. 5(a) shows the integrated HIWIP-BM-RCE-LED
at different spatial freupconversion quantum efficiency
of the HIWIP-LED (without any
quencies , together with
resonant cavities) and HIWIP-BM-LED (without the resonant
cavity in LED) for comparison. Clearly, the FIR radiation can
be upconverted with different efficiencies at different , and
is high for the large scale of image (small ),
generally
while low for the small size of image (large ). The employment of the two resonant cavities in the present integrated
HIWIP-BM-RCE-LED structure has yielded a remarkable
increase of the upconversion quantum efficiency to 6%, in
contrast to that of 1% in the HIWIP-LED and 2% in the
HIWIP-BM-LED ones: Each resonant cavity can improve the
upconversion quantum efficiency 2–3 times.
In addition to the quantum efficiency, the image quality is another key specification for the performance of semiconductor
upconversion devices. With the introduction of resonant cavi-

Fig. 5. Spatial frequency f dependence of (a) upconversion efficiency (f )
and (b) modulation transfer function T (f ) of HIWIP-BM-RCE-LED and
HIWIP-(BM)-LED at p = 0:07;  = 0:9, and d = 30 nm.

ties, one may doubt whether the enhancement of upconversion
quantum efficiency is at the sacrifice of good image quality? In
order to investigate the imaging characteristics of the integrated
HIWIP-BM-RCE-LED upconverter, we study the modulation
transfer function (MTF) of the system, which is the ratio of the
to the object contrast
image contrast
at different spatial frequencies and can serve as the figure
of the
of merit of the imaging device [5]. The MTF
HIWIP-BM-RCE-LED upconverter can be yielded from (2b),
(2c), (8b), and (8c)

(12)
Due to the diffraction limit, only images with
16.7 lp/mm can be resolved (
is the wavelength
of the incoming FIR light, and we have selected 60 m as the
center detection wavelength in the present study). Although the
absorption of FIR photons in the emitter layers intensifies by
applying a BM to the GaAs HIWIP FIR detector, the proporto the uniform one
tion of the nonuniform photocurrent
keeps the same [see (2b) and (2c)], resulting in the unchanged
ratio of the signal NIR photon flux to the average part. Therefore, the image contrast will not be affected by the BM, and
the image quality of the HIWIP-BM-LED is the same as that of
HIWIP-LED.
Fig. 5(b) presents the comparison of the MTF curves between
HIWIP-BM-RCE-LED and HIWIP-(BM)-LED at different spatial frequencies. Sandwiched by two DBR mirrors, the extrac-
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tion efficiency
of NIR RCE-LED has increased, leading to
less number of reincarnation cycles needed by the NIR photon
% for instance, according to
before it emits out. Take
the analysis of photon recycling effect in LED [13], if there is
no parasitic optical losses and the internal quantum efficiency of
NIR RCE-LED is high enough, the NIR photons will experience
4 reincarnation cycles on average to escape. Since the diffusion
length of photocarriers in the NIR LED is about 1 m [7], the
total diffusion length in the NIR RCE-LED with the 25% extraction efficiency is about 4 m, less than the smallest nonunim). As a result,
formity limited by diffraction (
the DBR cavity could reduce the image smearing, and we do obin HIWIP-BM-RCE-LED, comserve much higher MTF
pared with that of HIWIP-(BM)-LED, in the whole range of spais always larger
tial frequency studied. Furthermore,
than 0.5 in HIWIP-BM-RCE-LED, indicating that the imaging
there will have perceived sharpness and resolution even in size
of details. The above arguments of much higher upconversion
quantum efficiency and better image quality reveal clearly the
role of resonant cavities in semiconductor upconverters of FIR
imaging.
Finally, we discuss the possible crosstalk resulting from the
leaked NIR signal from the LED absorbed by the GaAs layer
of the FIR detector. The electrons and holes generated by the
leaked NIR light will change the charges in the emitter layers
and result in an additional redistribution of the electric field
across the FIR detector, which contributes to the detector photocurrent feeding the LED. Under the condition of large photoconductive gain, the “gained photocurrent” associated with
the NIR light reabsorption in the FIR detector can lead to a diverging rise of the NIR output light, i.e., the photonic breakdown phenomenon [6]. The photonic breakdown will result in
an increase of the uniform portion in the output NIR radiation,
in comparison with the nonuniform (image signal) part, which
induces the deterioration of the image quality.
However, in our HIWIP-BM-RCE-LED upconversion structure, once a NIR photon is generated in LED, it may have one
of following four possible destinies: 1) it can emit out through
the escape cone determined by the internal total reflection; 2) it
can be reabsorbed in the active layer and experience reincarnation as a NIR photon (the photon recycling effect); 3) it can be
reabsorbed by the parasitic optical losses in the structure during
the photon recycling, or may lose in the nonradiative recombination processes; and 4) it would emit towards the bottom DBRs of
the LED and might have a small probability to pass through the
DBRs and propagate over the HIWIP FIR detector. It is obvious
that those NIR photons belonging to possibilities 1)–3) would
not be absorbed by the GaAs emitter layer of the FIR detector,
only the possibility 4) of the NIR photons may contribute to the
reabsorption by the FIR detector. Furthermore, due to the high
reflectivity of the bottom DBRs for the LED [We have selected
6 DBR pairs as the bottom DBR mirror, the reflectivity of which
may be as high as 85%, as shown in Fig. 3(a)], irrespective of
the DBR absorption losses, only 15% of the possibility 4) NIR
photons at most could penetrate through the bottom DBR mirror
and be absorbed by the FIR detector. Therefore, the leaked NIR
photons from the LED are negligible comparing with the total
NIR photons generated in the LED. In addition, the bias under
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which the FIR detector works is around 200 mV, i.e., the electric
field (2–4 10 V/cm) is lower as compared with the photonic
breakdown field of 10 V/cm. As a result, the crosstalk phenomenon between the LED and the FIR detector can be negligible in our HIWIP-BM-RCE-LED upconverter.
VI. CONCLUSION
We have predicted by theoretical simulations that the
quantum efficiency of the HIWIP-LED upconverter could be
greatly improved via the employment of BM for the GaAs
HIWIP FIR detector and DBR cavity for the NIR LED. With
the optimal device parameters, the upconversion quantum efficiency of HIWIP-BM-RCE-LED could have a large increase of
5–6 times and the image quality is even better, in comparison
with those of the normal HIWIP-LED without any resonant
cavities. It is the enhancement of the FIR photon absorption
in the emitter layers that leads to a high quantum efficiency of
the HIWIP-BM FIR detector, with the same image transfer due
to the unchanged image contrast. The investigation of the NIR
RCE-LED indicates that the resonant DBR cavity improves significantly the extraction efficiency of the LED with a high-index
active layer, through redirecting as many NIR photons as possible into the escape cone by means of interferences. Though
the photon recycling effect is not as effective as the normal
LED in the enhancement of the LED quantum efficiency, we
still could expect much increased external quantum efficiency
in the NIR RCE-LED. Furthermore, as a consequence of few
reincarnation cycles needed by NIR photons to escape in the
photon recycling process, the diffusion of photocarriers is weak
in the active layer of the NIR RCE-LED, resulting in sharp
and high-resolution imaging in HIWIP-BM-RCE-LED. The
present achievement in both the upconversion quantum efficiency and image characteristics opens the way to experimental
realization of the FIR radiation upconversion imaging by the
HIWIP-BM-RCE-LED upconverter.
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