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Peak detection wavelength at 8 ym: accurate design and

fabrication of quantum well infrared photodetector
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Abstract ; Using one band effective mass approximation and shooting method, optimized parameters of quantum well infrared
photodetector structure were calculated. Taking into account high order effect of band nonparabolicity, the device structure
with a peak detection wavelength of 8 wm were designed. Based on the calculated result, GaAs/AlGaAs multiwell material
was grown. Then single-element QWIP device were fabricated and characterized. Symmetrical I-V curves showed very good

quality of the material and successful process in device fabrication. Spectral responsivity exhibited peak wavelength of 7. 96

and 7.98 wm, which were in excellent agreement with our designed value.
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Introduction

Quantum well infrared photodetectors ( QWIP )
have been a very important research topic in infrared
detector area for more than 20 years. Since the first ob-
servation of strong infrared intersubband absorption in
GaAs/AlAs quantum-well wave-guides structure!'! in
1987, QWIP have rapidly progressed and became rela-
tively mature. Compared with the traditional dominant
HgCdTe ( mercury cadmium telluride, MCT) detec-

tor’>) | QWIP have the advantages of good uniformity,
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multiband detect capacity, much lower cost, and rela-

[3]

tively mature process'’ . Especially, in the long-wave

infrared ( LWIR) range, MCT detectors suffer from
weak mechanical strength due to the weak bonding,
low uniformity due to the high Hg vapor pressure, low
yield and high cost due to the difficulty in production.
Since large substrate is preferred in large format focal
plane array ( FPA) fabrication, the small size of
CdZnTe substrate further increase the difficulty that
MCT confronted"*). This makes QWIP find its way for
application in LWIR band and large scale FPA.
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QWIPs make use of intersubband transition to de-
tect photons, while MCT photodetectors are based on
interband transition in intrinsic variable gap semicon-
ductor. Figure 1 schematically depicts this difference.
Besides, QWIP is not sensitive to the incident light

parallel to the growth direction.
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Fig. 1  Schematic picture exhibiting the different absorp-
tion mechanism of MCT and QWIP
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In this paper we report on the design and fabrica-
tion of QWIP for certain peak detection wavelength in
LWIR. One band

(EMA) model and envelop function approximation

effective mass approximation

(EFA) were employed in device design, and shooting
QWIP

structure parameters with an objective peak detection

method was chosen in concrete calculation.

wavelength of 8 wm were calculated. Based on the cal-
culated result, multiwell QWIP devices were fabricated
and characterized. All samples showed satisfactory de-
tectivity and the experimental result of peak wavelength

is in good agreement with our expected value.
1 Modeling and design

1.1 Basic model and computation method
We made use of EMA and EFA to find the quan-

tized energy levels of electrons in the wells as well as

their corresponding wave function. As the most widely
used approximation method in semiconductor physics,
EMA turns the complexity of crystal material potential
into simplicity of an empirically fitted constant, i. e.
effective mass. Effective mass varies for different semi-
conductor materials and can be experimentally deter-
mined. Under the modeling of EMA, the time-inde-
pendent Schriodinger equation for an electron in bulk
semiconductor can be written as

oo _
—2m*g¢/(2) = E(z), (1)

where m”*, #i, yand E are effective mass, Plank con-

stant, wavefunction and eigenenergy value respective-
ly. For heterostructure composed of two kinds of mate-
rials with different band gap, EFA is widely accepted
and applied as a good approximation on materials.
Holding the assumptions that EMA is still valid in each
bulk material and the heterojunction can be described
by one material potential which derives from the dis-
crepancy in bandgaps, the Schridinger equation de-
scribing the electron behavior in heterostructure can be
written in the form:
By
- zm*ggb(z) +V(2)y(z) = Eg(z). (2)
This manipulation is so-called EFA. The subse-

quent problem is solving the Schrodinger equation like
Eq. 2.

Shooting method has been proved to be a very
flexible and powerful approach to solve differential e-
quation like Schrodinger equation. The principal idea

of this approach is the approximation changing deriva-

Af
Az

Take m*(z) to be the mean value of m*(z + 62/

tive into finite difference, 1. e. replace %f by

2) and m"(z - 8z2/2) , the iteration formula in shooting

method is
Pz +682) 2(8z2)° _ 1
m(z +822) i [V(z) - £] +m*(z+§z/2)

1 ) - Y(z - 62)
* m*(z - 82/2) v(2) m*(z - 82/2)

Knowing the values of two points, ¢ (z —68z) and
y(z), the third points ¢ (z + 8z) can be calculated.
Doing the same procedure iteratively, the whole wave
function can be calculated for any specific energy val-

ue. The boundary condition for stationary state is
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systematically change the value of energy stepwise and
find out the value satisfy the boundary condition,
which is the eigenenergy for a stationary state in QWs.

The model described above does not take into ac-
count any actual situation in device design. Higher or-
der effects such as multi particle effect, quantum-con-
fined Stark effect and band-nonparabolicity have con-
siderable influence on the energy levels of quantum
wells ( QWs).
should be considered in QWIP designing.

Practically, QWIPs are heavily doped in the well

Hence, these higher order effects

region and there are tremendous free electrons in wells,
the important assumption of EMA model that there is
one single electron in the potential filed is not valid any
more. The multiple electrons doped in wells make the
potential edge slightly changed. Self-consistent solution
of Poisson and Schrodinger equation often employed to
include this multi particle effect. The result shows an
increase of the ground state level in wells for several
meV"! | which lead to a red shift of the peak detection
wavelength of a QWIP.

Since a conductive QWIP commonly work under
certain bias voltage, the electrical field leads to quan-
tum-confined Stark effect, which is known as the sup-
pression of the ground state level in the wells. The
effect is more significant under high bias. As a result,
the ground levels in quantum wells decrease by a few
meV'®)

wavelength of a QWIP. The multi-particle effect and

This leads to a blue shift of the detection

quantum confined Stark-effect has opposite influence
on the ground state level in QWs, what is important,
the influence of these two effects are comparable.
Hence, these two effects may offset each other and can
be eliminated from the detector modeling to simplify the
computation. Finally, higher order effect of band non-
parabolicity is included in our QWIP device design and
cumbersome calculation was avoided.

The parabolic relation given by E = B°k*/2m™ is
valid for the situation that the energy of the electron is
very close to the band edge. When electron energy
goes far away from band edge, the band nonparabolici-

ty effect becomes non-negligible for its effect on dark

current'”’. We took into account band nonparabolicity
by the formula proposed by Y. Hirayama et. al since its
simplicity to include into the shooting method calcula-
tion'®). The effective mass parameter was expressed in
the form of m“"(E) =m (0)[1 +a(E -V) ], where «
=[1- m*(O)/mo]z/Eg, instead of the parabolic re-
lation given by E = h°k’/2m". Finally, we made the it-
eration computation including band nonparabolicity
with MatLab.

1.2 Device design

As a general rule, Photoconductive QWIP will
have a better performance when the first excited states
of the well is resonant with the barrier height'”! | and
the energy difference between the excited state and
ground state determines the peak detection wavelength.
According to this rule, parameters such as well width
and barrier height for a given peak absorption wave-
length can be calculated.

We made a systematical calculation for GaAs/Al-
GaAs QWIP and the result is showed in Fig. 2, where
the strong red line display that the optimum combina-
tion of well width and barrier height for detection wave-

length from 7 to 16 pm.

Optimized parameters and corresponding wavelength
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Fig. 2 Optimized combinations of well width and barrier for
peak detection wavelength for 7 to 16um
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We designed the parameters of a QWIP with an
expected peak detection wavelength of 8 um. The well
width and Al fraction are calculated to be 5.2 nm and
0. 28 respectively. The doping density in the well layer

introduces another degree of freedom in design. As-
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suming that the dopants in the wells are completely ion-
ized, the relationship between Fermi energy level and
the 2D doping density is N, = (m "k’ YE, . We deter-
mined the doping level by E, =2k, T. Here £, is Fermi
energy, kjis Boltzman constant, and the doping densi-

ty was calculated to be 6.0 x 10" ¢m ™

. In addition,
the thickness of the AlGaAs barrier layer also needs
careful consideration. The barrier should be thick e-
nough to suppress the interwell tunneling current and
limit the dark current. And there exist a critical barrier
width value, beyond which the dark current will not be
reduced any more. This critical barrier thickness is in
the range of 20 ~ 30 nm'"®’. 30 nm were chosen as the
barrier width. Figure 3 shows the designed structure
details. The multiple quantum well regions have 20
and 40 periods of wells for two samples respectively.
Table 1 indicates the concrete value we adopted for

. . (1]
some material parameters in calculation' .

0.5 um GaAs: Si 2x10%cm™

MQW

0.5 pm GaAs: Si 2x10'%cm™

200 nm Aly4GagsAs

GaAs Substrate

30 nm AlpGagnAs

QW 5.2 nm GaAs: Si 6.0x10"7cm??

30 nm Aly3Gag 1As

Fig. 3 The schematic diagram illustrating the
designed well structure
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Table 1 Arguments we adopted for GaAs and AlGaAs in
shooting method
F1 HXFHEPXAR GaAs 71 AlGaAs WEH
m”* E
GaAs 0.67 m, 1.412 eV
Al Ga, _ As (0.067 +0.083x) m, 1.247 x0.67x eV

2 Devices fabrication

Based on the result of the calculation, correspond-
ing GaAs/AlGaAs quantum well structure was grown by
molecular beam epitaxy (MBE) on a 2 inches diameter
GaAs substrate. Two samples with 20 and 40 wells
were grown. Then Standard lithography process, wet

etching, and thermal metallic evaporation process were

employed in fabricating the device. A mixed solution of
pure sulfuric acid, hydrogen peroxide, and water was
used for wet etching. AuGeNi alloy was deposited on
the top of the mesas and the bottom contact layer, and
then annealed to form good ohmic contact. Finally a
relatively thick pure Au layer of about 500 nm was de-
posited on top and bottom contact to provide sufficient
mechanical strength for wire bonding. The finished sin-
gle element device chips were then carefully polished to
form a 45° facet at the GaAs substrate, which is used
to couple the infrared radiance. Figure 4 shows the

whole configuration.

Vbias

[ 1
Contact Tayer
MQW

Contact layer

TN subse 1
7

Irradiance

Fig. 4 Schematic profile diagram of the final device
with 45° angle on GaAs substrate
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3 Experimental result

After the sample devices were completely pro-
cessed, two sample devices, sample 1 with 20 repeats
in MQW region and sample 2 with 40 repeats, were
ready for device test. The I-V characteristic curves,
spectral responsivity and current responsivity were
measured to characterize the QWIP devices. I-V curves
were swept under different temperature by Keithley
236. Figure 5 shows a set of I-V curves of our detectors
at various temperatures from 40 K to 85 K. The desira-
ble symmetry of the curves illustrates the good material
quality and successful fabrication process. The I-V
curves exhibited different appearance because of the
variable period of QWs. The bias voltage in test is too
high so that the barrier of QWs in sample 1 was broken
down and the current increase dramatically. The same
phenomenon was not observed for sample 2 since it has
more repeat of wells in MQW region and the bias is not

high enough.
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Fig. 5 I-V characteristic curves of QWIP device sam-
ples at different temperature. All curves exhibited fa-
vorable symmetry
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The spectral responsivity curve was measure by
FTIR for both sample 1 and sample 2 at 50 K, which is
shown in Fig. 6. The curve indicated that the peak ab-
sorption of our detectors occur at 7. 96 um for sample 1
and 7.98 um for sample 2. While our designed peak
detection wavelength is 8.0 pm, the experimental re-
sult was in excellent agreement with the theoretically
expected value. Both high quality of material growth
and device fabrication contribute to this result. This
satisfactory accordance between theoretical result and
experimental result proved that the modeling and calcu-
lation that we conducted was reasonable.

In addition we measured the black body detectivi-
ty for our sample detectors. A current responsivity of

0.13A/W and the peak detectivity is 8 x 10" emHz'"?

/W was measured for sample 2 under 4 V bias voltage.

4 Conclusions

In summary, we modeled GaAs/AlGaAs QWIP u-

shooting method in our calculation. In order to accu-
rately find out the energy level in QWs which deter-
mine the peak wavelength, we included higher order
effect of band nonparabolicity in our design. The struc-
ture parameters with an objective peak wavelength of 8
pm were calculated. Corresponding structure was
grown by MBE and individual detectors with 20 and 40
QWs were fabricated. Measured [-V characteristic
curves at different temperature exhibited very good
symmetry, indicating the high quality of material and
device. FTIR spectroscopy showed that the peak detec-
tion wavelengths of our two kinds of detectors were
7.96 and 7.98 pum, which is in very good accordance

with theoretically calculated value.
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