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Abstract: To reduce the difficulty of the epitaxy caused by multiple quantum well infrared photodetector (QWIP) with tunnel
compensation structure, an improved structure is proposed. In the new structure, the superlattices are located between the tun-
nel junction and the barrier as the infrared absorption region, eliminating the effect of doping concentration on the well width
in the original structure. Theoretical analysis and experimental verification of the new structure are carried out. The experiment-
al sample is a two-cycle device, each cycle contains a tunnel junction, a superlattice infrared absorption region and a thick barri-
er. The photosurface of the detector is 200 x 200 um? and the light is optically coupled by 45° oblique incidence. The results
show that the optimal operating voltage of the sample is -1.1 V, the dark current is 2.99 x 10-8 A, and the blackbody detectivity is
1.352 x 108 cm-Hz"/2W-1 at 77 K. Our experiments show that the new structure can work normally.
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1. Introduction

Traditional QWIPs based on intersubband transition have
the advantages of good uniformity and high reliability('-3],
which means they are suitable for fabricating large-scale fo-
cal plane arrays®. Meanwhile, they are easy to fabricate into
two or more color detectors>7), However, the principle of
the QWIPs determines that the photocurrent of the devices is
basically independent of the number of quantum wells(é],
which limits the performance of these detectors®. To solve
this problem, researchers have proposed a variety of im-
proved structures!’®-13. Among them, an improved quantum
well infrared photodetector based on tunnel compensation
was proposed. Dengl'¥ made experimental samples based
on this principle and carried out detailed experimental verifica-
tion. The structure can increase the photocurrent as the num-
ber of quantum wells increases but the doping concentra-
tion of the material cannot be accurately controlled, result-
ing in difficulty in fabrication. Based on this, an improved struc-
ture is proposed by inserting superlattices between tunnel
junctions and barriers. The superlattices replace irregular
quantum wells and become the infrared absorption region of
the detector. The working mechanism of the new detector is
described. An experimental sample is made and the results of
spectral response, dark current, and blackbody response at
77 K are given. The experimental results are roughly in line
with expectations, proving that the design is feasible.

2. The principle and design points of the new
structure

The schematic diagram of the multi-quantum well infrar-
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ed detector with tunnel compensation structurel'¥ is shown
in Fig. 1. J, is the net photocurrent, hv represents the energy
of the incident photon. The i-AlGaAs layer and the PN junction
consisting of P+-AlGaAs and N*-GaAs form barriers on both
sides. The intermediate undepleted N*-GaAs layer forms a po-
tential well. The empty quantum states generated by carrier
excitation are filled by tunneling electrons, which reduces the
recombination of photoelectrons in the well region, thus, the
photocurrent of the device increases as the number of wells
increases.

The drawback of this structure is that the doping con-
centration of epitaxy needs to be strictly controlled. Unde-
pleted N*-GaAs layer is limited by barrier and tunnel junc-
tion depletion layer, forming quantum well. Assuming the
width of N*-GaAs is L, the width of the n-type depletion
layer is L,, the width of quantum well is L, then L, = L-L,..
Fig. 2 shows the relationship between doping and depletion
layer width. L, represents the width of depletion layer in N re-
gion and L, represents the width of depletion layer in P re-
gion. Obviously, the width of the depletion layer of the tun-
nel junction is greatly affected by doping concentration. The
quantum well is connected to the depletion layer, so the
width of quantum well is closely related to doping concentra-
tion. The decrease of doping concentration of the N*-GaAs lay-
er will result in the decrease of well width. As can be seen
from Fig. 3, the width of the well affects the position and num-
ber of sub-levels. Meanwhile, the intersubband transition de-
termines the absorption wavelength of the detector (AE =
hc/A, AE represents the energy required for the transition of
electrons from the ground state level of the excited state
level, h represents the Planck constant, ¢ represents the
speed of vacuum light, and A represents the wavelength of re-
sponse.). If there are two sub-levels in a quantum well, then
the increase in the well’s width will lead to an increase in the
response wavelength. This means that the deviation from dop-
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Fig. 1. Schematic diagram of the multi-quantum well infrared detect-
or with tunnel compensation structurel' (under the reverse bias).
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Fig. 2. The relationship between Np and depletion layer width (N, =
2x 10" cm3).

ing concentration may cause the fabricated devices to fail to
meet the design requirements.

We proposed an improved structure to solve this prob-
lem. The working principle of the new infrared detector is
presented in Fig. 4. As the picture shows, we inserted super-
lattices as the infrared absorption region after heavily doped
PN junction, followed by a thick intrinsic barrier composed of
i-AlGaAs. The tunnel compensated superlattice infrared de-
tector separates depletion layers and quantum wells. The
thickness of N*-GaAs layer in tunnel junction can be in-
creased appropriately to prevent the expansion of the deple-
tion layer. Compared with the original structure, the width of
the quantum well is no longer influenced by the doping con-
centration of the tunnel junction. Thus, the sub-level of the
quantum well can easily be controlled. This means that the
effect of doping concentration error on device performance
is reduced. In other words, the accuracy requirement of dop-
ing concentration is reduced. The difficulty of material
growth is also reduced.

In an appropriate reverse bias, the ground state elec-
trons of superlattices absorb photons jump to the excited
state and across the barrier under the action of electric field.
The photoelectrons are accelerated in the built-in potential
field of the PN junction of the next cycle, passing through the
next superlattice infrared absorption region at high speed.
Meanwhile, the tunneling electrons from the p-GaAs valence
band will fill into the empty quantum state of the ground
state of the superlattices, reducing the recombination prob-
ability of photoelectrons.

Using a tunneling mechanism to fill empty quantum sta-
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Fig. 3. The relationship between L, and sub-levels. E; is the first level,
E, is the second level and £ is the barrier height.
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Fig. 4. Schematic diagram of the improved structure under the re-
verse bias.

tes can increase the photocurrent. This is a prerequisite for
proper operation of the device. Therefore, the PN junction
needs to be heavily doped to become a tunnel junction. The
Fermi level in the n-region should be between the two sub-
bands of the superlattices to ensure the injection efficiency
of tunnel current into the ground state of superlattices. By
measuring the peak voltage and the valley voltage of the
tunnel junction, the Fermi level of the N region can be
roughly estimated.

The superlattices are composed of wide and narrow
band gap semiconductors that are periodically arranged. The
barriers of superlattices need to be thin enough to form a tunnel
resonance effect. Based on the tunneling resonance effect,
the electrons traverse the barrier and fill the ground state of
the superlattice. The position of the superlattice band is af-
fected by the thickness of the well layer and the barrier layer
and the barrier height. As soon as the structural parameters
of the superlattice are determined, the absorption wave-
length range of the device is determined. The transfer matrix
method is a relatively simple and accurate method for calculat-
ing the position of subbands and the absorption wavelength.

The doping concentration of the superlattice should satis-
fy the condition that the electrons are sufficient to fill the
ground state energy band and do not fill the excited state en-
ergy band. We designed the n-type doping concentration of
the well to be 4 x 107 cm=3 and the well width to be 6 nm.
The calculated Fermi levell's! of the superlattice is 6.4 meV
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Fig. 5. The relationship between the gain and wavelength of different numbers of wells: (a) single well, (b) double well and (c) triple well.

Table 1. Structural parameters of the experimental sample.

Material Thickness (nm)
P*-GaAs 300
P+-GaAs 12
N*-GaAs 24
2 cycles 20 i-Al,Ga;_,As x=028 6
cycles N+-GaAs 6
i-Al,Ga;_As x=0.27 40
N*-GaAs 500

Semi-insulating GaAs (100) substrate

higher than the ground state level. Fig. 5 shows the relation-
ship between the number of wells and the gain of the device.
Our calculations show that the gain increases as the number
of wells increases. Meanwhile, too many wells will lead to a
great increase in the probability of photoelectron recombina-
tion. Under the action of the electric field (> 107 V/m) in the
tunnel junction, the electron drift velocity will reach the max-
imum in a short time. The drift velocity then decreases gradu-
ally under the effect of scattering. With the relaxation time ap-
proximation and the relaxation time of 0.2 ps, the average
free path of the electron is greater than 300 nm. We experi-
mentally fabricated a structure of 20 quantum wells (the thick-
ness is 240 nm) per cycle to ensure that the electrons can
pass through a cycle.

3. Experiments and results

To verify the feasibility of the theory, we used MOCVD
technology to grow an experimental sample. The sample has
a photosensitive surface area of 200 x 200 yum? and is optic-
ally coupled by 45° oblique incidence. It is a two-period struc-
ture, where each period contains a tunnel junction, a superlat-
tice region with multiple wells and a thick intrinsic barrier.
The structural parameters of the sample are shown in Table 1.

The response spectrum of the sample tested by Fourier
transformation infrared spectrometer (FTIR) at 77 K is shown
in Fig. 6. The device has a peak response wavelength of
7.73 um. According to the transfer matrix method, the wave-
band that the device can absorb is about 7.48-8.93 um,
which is basically consistent with the test result.

Fig. 7 shows the dark current characteristics of the
sample at different temperature. One negative differential res-
istance region is shown in Fig. 7(a) at positive bias. The posi-
tion of the peak and the valley of the negative differential res-
istance region is 4.2 and 4.35 V, respectively, at low temperat-
ure. This indicates that the Fermi level above the conduction
band of N*-GaAs 150 meV, approximately, is between the
ground state and the first excited state in the superlattice re-
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Fig. 6. Response spectrum of sample at 77 K.

gion. This means that the empty quantum states generated
by infrared radiation in ground state will be refilled by inter-
band tunneling process. The reverse -V curve is shown in
Fig. 7(b). A small leakage current can be obtained when the re-
verse bias voltage is less than 1.1 V at 77 K. This is due to the
unification of Fermi levels at zero bias, the close valence
band of P*-GaAs, the conduction band of N*-GaAs, and the ex-
istence of large barriers in the device. To ensure the current
transport, a large enough bias voltage must be applied to flat-
ten the barrier. At this time, the photocurrent of the device
can cross the barrier and the dark current is small enough.
For a dual-period device sample, only one barrier needs to be
flattened, so the optimal operating voltage of the device is
1.1V.

Fig. 8 shows the black body response test results of
the device at 77 K. The blackbody temperature is 500 K. R
represents the signal and N represents the noise. The maxim-
um ratio of signal and noise is obtained when the reverse bi-
as voltage is about 1.1 V. Simultaneously, the dark current is
2.99 x 108 A and the 500 K blackbody detectivity is 1.352 x
108 cm-HzV2W-'. As voltage V4, continues to increase, the
dark current of the device grows rapidly. This happens be-
cause the ground state electrons are more likely to tunnel
through the barrier under large bias voltage. The experi-
mental results of the original structure can be referred to
Refs. [14, 16]. By comparison, it can be seen that the results
of the two structures are similar.

4, Conclusions

Based on the tunnel compensation multi-quantum well
infrared detector, the superlattice layers are used as the in-
frared absorption region of the detector and the tunnel junc-
tions provide tunnel compensation current for the superlat-
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Fig. 7. Dark current versus applied bias of sample at 77 K. (a) Forward bias. (b) Reverse bias.
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Fig. 8. Blackbody response test of sample at 77 K.

tices, which are easy to fabricate by MOCVD technology.
Experimental samples of two-period structure were fabric-
ated using GaAs and AlGaAs materials, and the response spec-
trum, dark current characteristics and blackbody response of
the device are obtained. The results show that the optimal
operating voltage of the sample is 1.1 V, the dark current is
299 x 108 A, and the blackbody detectivity is 1.352 X
108 cm-Hz'/2.W-1 at 77 K. Owing to time constraints, detect-
ors with more cycles have not been manufactured. In theory,
however, detectors with more cycles can be expected to
have larger photocurrents. The structural parameters of the
device are subject to further optimization.
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