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Abstract

Infrared detection has been used widely as the applications in military services,
astronomy, environmental monitoring and medicine. In recent years, many companies
and research institutes focused on the development of the infrared detector’s focal
plane array to achieve the large area and more accurate detection applications. For
quantum well or superlattice infrared photodetector, because of the selection rule, the
photodetector does not absorb radiation incident normal to the surface since the light
polarization must have an electric field component parallel to the growth direction. In
general, the single photodetector device has to be illuminated through a 45° polished
facet. However, this illumination scheme limits the configuration of the detectors to
linear array or large focal plane array. For imaging, it is necessary to be able to couple
light uniformly to two-dimensional arrays of these detectors. In this paper, we will
present several methods to achieve the goal of coupling the normal incident light,
such as the photodetectors with V-groove structure for normal incident light coupling.
Moreover, we fabricate the one-dimension linear array based on this structure.
Besides, the periodic metal hole array is designed on the sample surface. This
structure can act as the grating and make the detector achieve the goal of normal
incidence.

V-groove structure can be fabricated on the QWIP by using anisotropic etching to
couple the normally incident light. In this paper, the efficiency for the QWIPs with
V-groove structure to couple the normally incident light is estimated by applying the
ray optics. A feasible processing procedure for fabricating the V-groove structure is
proposed. The responsivity measurement shows that the V-groove structure can
couple the normal incident light with the same efficiency as the TM mode light
incident into the 45° edge facet of the photodetector.

For thermal imaging application, the detectors must have high background limited
performance temperature Tgrp and 1-D or 2-D (Focal Plane) detector arrays have
been used instead of the single detector. The process of the linear array fabrication is
also introduced. The experimental results show that the response of the detector array
is smaller than single device, but the dark current of detector array is much smaller
than single device. It leads to the larger detectivity of detector array. By increasing the
contact area of metal ring and tilted angle of V-grooves for larger responsivity, it will
be a new method to fabricate 1-D detector array.

For device fabrication, we can design a metal hole array with periodicity on the
sample surface. Analogous to the concept of photonic crystal, the metal hole array can
act as the grating and make the detector achieve the goal of normal incidence. The

traditional fabrication of detector with normal incidence is to thin down the substrate.



Using this new structure, we can omit the thin-down process.

We fabricate three devices with different period of gratings for topside-illumination.
Base on this structure, the photoresponse of each spectral shape is tunable by the
period of gratings. The response shape is affected by surface plasmon. The plasmon
peak can be selected by period of gratings. In summary, the experimental results
confirm the applicability of SLIPs with grating structure for coupling the normal

incident light and tunable response shape by surface plasmon.

Keywords : quantum well infrared photodetector, superlattice infrared photodetector,

linear array, normal incident light coupling, metal strip grating
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I. Quantum Well Infrared Photodetector with V-groove

Structure for Normal Incident Light Coupling

A w2

Quantum well infrared photodetectors (QWIPs) based on intersubband transition
have been undergoing rapid development during the past several years. Infrared
detectors made of GaAs/AliGa;xAs quantum well may be a potential alternative to
those based on HgCdTe material system because of the relative maturity of
GaAs-related materials and their processing technology [1,2]. For most detector
applications, normally incident radiation absorption is required for convenience.
However, due to the isotropic effective mass of the active I' electrons, the QWIP
detector can only absorb light with the electric field perpendicular to the multiple
quantum well layers [3,4,5]. In order to couple the normal incident radiation, much
work has been done, such as two-dimensional grating, and random scattering couplers.
Recently, a coupling scheme based on total internal reflection (TIR) instead of
diffraction was proposed by C.J. Chen et al [6,7,8]. Referring to Fig. 1, this coupling
scheme utilizes an array of QWIP wires with slant sidewalls to reflect the normally
incident light. These QWIP wires are created by etching V-grooves through the
detector active region to the bottom contact. In the ideal case showed in Fig. 1, the
reflected light will propagate parallel to the MQW layers, and hence half of the
photons can be absorbed for unpolarized light. Besides, the light can also be
illuminated from the topside of the sample. On this condition, the light is coupled into
the QWIP by refraction as shown in Fig. 2 instead of TIR.

QW

/ ES layers
A 45° -

Substrate

Normal incident light

Fig. 1 Optical path for back-illuminated light.
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Fig. 2 Optical path for top-illuminated light.

NA5°

Our work is to develop a method to estimate the coupling efficiency of V-groove
structure and try to find the associated affecting factors. The processing steps to
fabricate a QWIP with V-grooves are also proposed in this work for practical test. The
responsivities of the QWIP with V-grooves are measured and compared with
experimental results based on traditional edge coupling scheme. The IR absorpton

spectrum and spectral response are also measured for comparison.

B. F 5 & i

1. Coupling Efficiency Estimation

In this section, the responsivity of a QWIP with V-grooves is estimated and used as
an index to evaluate the V-groove coupling scheme. The responsivity R of a detector,
is defined as the ratio of the photocurrent I, over the optical power P; transmitted into
the detector, i.e.

R=-—t=p, g (D

I
P_i hv
where hv is the photon energy, g is the photoconductive gain, and 74 is the quantum

efficiency of the detector [9]. Among them, 74 is defined as average number of optical
transitions per photon incident into the sample, and is given by

e’ if N W
Ny = ;AC M (1 - R)[1 - exp(- 7‘lrsN sin’ 0)]» (2)

wgo

where A is the area of the detector, A; is the effective coupling area, M is the material
removal factor, R is the reflection coefficient of the detector surface, S is the times that
a photon passes the detector, N is the number of periods in a MQW structure, fq is the
oscillator strength, Ng is the doping density in the well, @is the angle of incidence, W
is the width of the well, ny and m’ are the refractive index and the effective mass of



the well respectively, and I" is the absorption linewidth [1]. The term (1/2) is used to
count in the fact that only the component with the TM polarization can be absorbed
for the unpolarized light. During fabricating a QWIP with V-grooves, some part of the
MQW is removed by wet etching. The removal of material will affect the responsivity
of the detector. Therefore, a parameter M is used to count in this effect.

In order to evaluate the coupling efficiency of V-groove coupling scheme, the edge
coupling scheme that couples the incident light through a 45° facet on the edge of the
substrate is introduced first. The infrared light is back-illuminated onto the detector
through the facet as illustrated in Fig. 3. Although the edge coupling is not useful for
practical applications, it is still a standard to evaluate a QWIP’s intrinsic performance
by virtue of the simple processing steps and the readily known light intensity inside
the sample. It can also be a standard to evaluate another coupling scheme by
comparing its responsivity with that of the edge coupling [1]. For convenience, a

quantity named responsivity ratio (abbreviated as R ratio) is defined as

nqof a couplingscheme

R ratio = (3)

n,of edge coupling scheme ’

The R ratio is the figure of merit of a particular coupling scheme and is independent

on the quantum well parameters [1].

A
|
Top contact Bottom
contact

Substrate

Fig. 3 The light incident geometry under 45° edge coupling. The light passes the
QWIP two times.

With the definition of R ratio, the coupling efficiency of V-groove structure can be
easily evaluated. All we need to do is plotting the optical path and substituting all
related parameters into Egs. (2) and (3) to calculate the R ratio. Since the light can be
illuminated from backside or topside of the sample, we will discuss both conditions
respectively.

When the light is back-illuminated onto a QWIP with V-grooves, the light is



coupled by the total internal reflection on the slant sidewall as shown in Fig. 4. The
slope of the sidewall generated by wet etching is about 54° instead of 45° [10]. The
light passes the detector by two times just the same as the edge coupling scheme. It is
noted that the effective area A; to couple the normal incident light is restricted by the
area of sidewalls and varies with the geometry of the detector. The angle of incidence
for TIR coupling scheme is 72° which is larger than 45° for the edge coupling

scheme.

effective coupling
area Ac

Fig. 4 The optical path for the TIR coupling scheme in the V-groove structure.

One may wish to reduce the width of QWIP wires in order to increase the number
wires and hence the effective coupling area in a single detector pixel. When the
sidewall separation is sufficiently narrowed, the optical path of the incident light will
be different as shown in Fig. 5. This should be considered when designing the
detector.

Fig.5 The optical path of TIR coupling scheme when the width of the QWIP wires
are sufficiently narrowed.



The top-illuminated situation is considered now. Referring to Fig. 6, 90% of the
incident photon (TM mode) will pass through the air-GaAs interface and turns into a
new direction by the refraction effect. The remaining 10% of photons are reflected
and have 75% opportunity to enter the QWIP through another interface. We can
calculate the R ratio easily as for the backside-illumination case. The R ratio for this

condition is expected to be smaller than that in the backside-illumination case

Fig. 6 The optical path when the light is incident from the topside of the QWIP with

540
\\

V-grooves.

To evaluate the efficiency and feasibility of the V-groove coupling scheme, we
calculate the R ratio for a series of QWIPs with different number of V-grooves. The
parameters of the MQW structure are assumed as Ng=1.2x10"* cm™, well width W=50
angstroms, oscillator strength fo=1, number of wells N=30, and absorption linewidth
I'=20 meV. For a given QWIP, we calculated R ratio vs. the number of V-grooves
within the QWIP. The result is shown in Fig. 7. For sufficiently large number of
V-grooves, the R ratio is greater than one. The R ratio on top-illuminated condition is
given in Fig. 8. As expected, the R ratio on this condition is less than that on the

back-illuminated condition.

08

R ratio

06

04

02

10 20 30 40
Number of V-grooves

Fig. 7 The estimated value of R ratio versus the number of V-grooves in a QWIP for



the back-illuminated condition.

05

04

R ratio

03

02

01

10 2 0 40
Number of V-grooves

Fig. 8 The estimated value of R ratio versus the number of V-grooves in a QWIP for

the top-illuminated condition.

2. Anisotropic Wet Etching

For anisotropic wet etching process, the slowest etching planes dictate the final
shape of the etched profile. The [111] Ga planes therefore dominate the profile since
the etching rate on [111] Ga is the slowest for most reaction-limited etchants. The
etched profile generated by anisotropic etching is shown in Fig. 9. Typical
reaction-rate-limited etchants yield outward sloping edges along [01 1] direction
and inward sloping edges, i.e. trenching effect, along [011] direction. As the
microscopic photographs shown in Fig. 10, the QWIP wires parallel [01 1] direction
yield a perfect V-groove, while the wires parallel [011] direction almost disappeared
due to the severe trenching effect. Thus, the wires on our mask should parallel [01 1]
direction to ensure the correct profile when fabricating the QWIP. On the other hand,
the selection of the etchants is also important because the etching rate and angle of
sidewall vary with etchants. After many tests on various etchants, the
NH4OH-H,0,-H,0 (3:1:50) etchant is selected to fabricate the QWIPs with V-grooves
because it has proper etching rate and yields a proper slope of sidewall, about 50° .



X

+ [100]
[o11] (100) Gaas %, [001]
[01:]/ f —
(111)
(i
0=5474 [010]
Y

a1y atrm
Fig. 9 The GaAs (100) wafer cleaved along (011) and (011) planes normal to the

(100) surface. The etchants that etch the [111] Ga type planes as the slowest rates
would yield anisotropic etch profile as shown.

Fig. 10 The profile produced by the anisotropic etching process. The wires in the
left photograph are parellel to the [011] direction and those in the right photograph

are parallel to [011] direction.

C. 5523w

The MQW used in our experiment consists of 30 periods of GaAs quantum wells

and Al,,sGa,,;As barriers. The well width and the barrier width are 50 angstroms

and 800 angstroms respectively. The doping density Ngis 1.2x10'® cm™ in the wells
and 1.5x10'® cm™ in the contact layers. Its detection peak Ap is supposed to be 8.7



um. Using this QW structure, a QWIP with V-grooves is fabricated to verify the
expectation aforementioned. The 3-dimensional perspective of the device is shown in
Fig. 11. This perspective is just for illustration, so the number of wires and distance
between wires is different to the real device. The dimensions of real device are given
in Fig. 12. Besides, the scanning electron microscopy (SEM) photographs are shown
in Fig. 13 and Fig.14. The estimated R ratios of this QWIP for back-illuminated and

top-illuminated case are 0.68 and 0.40 respectively.

Top
contact

MQW
layers

—~<
v%y

Fig. 11 3-dimensional perspective of the QWIP with V-grooves.

150m
400um

22 periods
N
r N
200um
'f : ;
2.um
A
34 >
#m 2.5um
period =9um

Fig.12 Dimension of the QWIP with V-groove structure.

Fig. 13 SEM photograph of the QWIP with V-groove structure.
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Fig. 14 SEM photograph the V-groove structure in our QWIP. The distance between
each QWIP wires is 9 pm

To evaluate the V-groove coupling scheme, the responsivity of QWIP with 45°
edge coupling scheme was firstly measured at various temperature and bias conditions.
The structure of this QWIP is only a plane mesa without any V-grooves. The
measured responsivity was shown in Fig. 15. Then, the QWIPs with V-grooves were
measured for comparison. The QWIPs were illuminated by blackbody radiation from
either backside and topside of the sample.

The responsivity with infrared radiation incident from backside of the sample was
shown in Fig. 16. The responsivity is greater than 60% of that measured with
45°edge coupling scheme through the whole bias range. The results agree with our
estimation in section 2. Fig. 17 shows the responsivity with infrared radiation incident
from the topside of the sample. It is also greater than 60% of that measured with 45°
edge coupling scheme through the whole bias range. The applicability of this coupling
scheme is sure enough.

The responsivity ratios (R ratio) vs. bias voltage for both back-illuminated and
top-illuminated condition are given in Fig. 18. The R ratio for the
backside-illumination is always larger than that of the topside one. The real value of
the R ratio is a little bit larger than our estimation. It may be attributed to the
absorption due to the multiple reflection, which is not taken into account in our
estimation. In particular, for the bias dependence, it is noted that the R ratios at low
bios region increase rapidly. This may be resulted from the variation of refractive
index at the low bias region since the crystal structure of GaAs is polar and the
refractive index change with bias. The further study is necessary to understand the

reason.
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Fig. 15 Responsivity of the QWIP with edge coupling scheme.
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Fig. 16 Responsivity of the QWIP with V-groove on back-illuminated condition.
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Fig. 17 Responsivity of the QWIP with V-grooves on top-illuminated condition.
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Fig. 18 Responsivity ratio (R ratio) of the QWIP with V-grooves at 50K. The R ratios on both

top-illuminated and back-illuminated condition are calculated respectively.

The theoretical estimation model of the V-groove structure to couple the normally incident
light with the quantum well infrared photodetector is proposed in this paper. A wet-etching
process is given to fabricate the V-groove structure. The estimated R ratio is about 80% of the
real value. The underestimation is attributed to the absorption due to the multiple reflection,
which is not considered in our model. However, the experimental results show that the V-grooves
can effectively couple the normal incident light for either backside-illumination or
topside-illumination. The responsivities on both conditions are comparable to that of the QWIP

with edge coupling scheme. Thus, the applicability of the V-groove coupling scheme is verified.
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2. Superlattice Infrared Photodetector and 1-D Detector Array
A B

The superlattice infrared photodetectors have drawn much attention since the observation of
intersubband absorption in the far infrared region. For thermal imaging application, the detectors
must have high background limited performance temperature Tgrp and 1-D or 2-D (Focal Plane)
detector arrays have been used instead of the single detector.

In the report, we first investigated the effect of the doping density in the superlattice. By the
simple fabrication process of samples into devices, and the measurement setup, we can measure
the electrical and optical properties of our devices. With comparison the characteristics of the
SLIPs with high doping density (1x10'"cm™) and low doping density (5x10'°cm™), it shows that
the SLIPs with low doping density has better background limited performance temperature Tgyip,
responsivity, quantum efficiency, and detectivity due to the decrease of the impurity scattering.

The new fabrication process of 1-D detector array is illustrated. The experimental results show
that the response of the detector array is smaller than single device, but the dark current of
detector array is much smaller than single device. It leads to the larger detectivity of detector
array. By increasing the contact area of metal ring and tilted angle of V-grooves for larger

responsivity, it will be a new method to fabricate 1-D detector array.

B. A7 5 *

In order to analyze the characteristics of the photodetector, we have to make appropriate
process to the device. First, we will introduce the fabrication process of single device and 1-D

detector array.

1. Fabrication Process of the Single Photodetector
Figure 1 shows the flowchart of a complete process of single device [1,2,3]. Now, we go into
details.

(1) Sample Cleaning

For improving the yield and reliability of the devices, the sample must be cleaned before
processing. We sequentially rinse the sample in GP solution, acetone, methanol, and deionized
water (DI water), each step for five minutes. After blown dry with nitrogen, the sample is then put

in an oven at 90°C for one minute to bake out the mist.

(2) Lithography
Contact printing is a popular lithographic approach to GaAs device fabrication. In this
technique, the sample is coated with photoresist by spin-coator. After coating, the

photoresist-covered slice is baked at 90°C for five minutes in order to drive away the solvent of

13



the photoresist (soft- baking). Then the mask is placed in proximity to the slice for mask
alignment and the photoresist is exposed by ultraviolet light. Next the slice is subjected to a
development process that removes the exposed photoresist. Following step is the hard-baking
which is used to further harden the photoresist and to improve adhesive force between slice and

photoresist. Therefore, the pattern transfer is accomplished.

(3) Wet Etching

We use wet etching with the H;PO4-H,0,-H,O solution system to form mesa structures for
device isolation. The volume ratio of H3;PO4-H,0,-H,0 1is 2:1:8 and the etching rate is about
4000A to 5000A per minute in the room temperature. Finishing etching process, the photoresist is

washed out in the acetone.

(4) Electrode Deposition and Liftoff

The pattern of metal contact is now transferred to the sample by the same lithography
procedure as Step (2). Then we dip the sample in the NH4OH: H,O=1:10 mixed solution about 25
seconds for ousting oxide from the sample surface. Next, the metal is applied to GaAs slices by
thermal evaporation, which is good for lift-off applications. The evaporated metals are 600A
alloyed Au/Ge/Ni layer and 2400A Au layer. Then the photoresist mask is dissolved by acetone to
lift away the metallic film formed on the photoresist and therefore we obtain the desired electrode

configuration.

(5) Anneal

By the reason of obtaining an ohmic contact, the surface of the slice must be heated until the
metalization alloys into the GaAs. As temperature rises, the AuGe alloy begins to melt and GaAs
is dissolved in the melt. Thereby, the GaAs layer that merges with germanium acts as an n-type
dopant which help conducting the electrons. This diffusion phenomena results in spikes between
the interface of slice and metal. Nickel can act as a wetting agent for the Au-Ge, so we add nickel

to the AuGe metallization to reduce balling.

(6) Polishing Facet and Bonding Wire

Due to the selection rule of intersubband transitions, the normal incident light will not affect
the infrared photodetector. Hence, we make a backside-illuminated detector by polishing a 45
facet on a selective area of the fabricated device. Although the edge coupling is useful only for
single detector or 1-D detector array, it is still a standard to evaluate a detector’s intrinsic
performance.

Fig. 2 shows an accomplished device. The detector is located on a ceramic plate to keep
thermal contact well with the sample holder. The golden wire is used to connect the bottom and

top contacts with the pads of the ceramic plate for measuring some electrical properties.

14
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Fig. 1 The flowchart of single device fabrication : (a) first photoresist coating (b) pattern

transfer by lithography (c) wet etching (d) first photoresist removal (e) second
photoresist coating (f) pattern transfer by lithography (g) metal deposition by

evaporation (h) lift-off (i) 45° facet polishing
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Fig. 2 The final package of the fabricated photodetector.

2. Fabrication Process of the 1-D Detector Array

As shown in Fig. 3 is the 3-D solid eyes of a 1xN linear detector array. One of the main goals
of the 1-D detector array is to eliminate the crosstalk between two neighboring detection pixels
with an optical isolation structure. A fabricating instance of the 1-D detector array is shown in Fig.
4 which corresponds to the vertical (AA’ direction) and transverse (BB’ direction) cross-section of

the array bulk in Fig. 1, respectively. We will show the detail process in the following [4,5,6].

(1) Trench Etching

Refer to Fig. 4 (a), (b), we first transfer the pattern on the surface of the slice by lithography.
It should be noted that the angle between the trench patterns and cleaved edge ( [ 01 1]or[011] )
of the wafer should be 45° to ensure the V-groove coupling scheme being constructed in the later
process step. We etch the photoresist-uncovered region of the slice with the H;PO4-H,0,-H,O
system. The etched region contains the mesh-like trench and the common ground region while
the unetched region contains top contact region and numbers of detection pixels. The etched
region must reach to the bottom contact layer, so that the electrical isolation among detection

pixels can be achieved. Next, an optical isolation structure will be proposed.

(2) Optical Isolation Structure

Refer to Fig. 4 (c), an first insulating layer is deposited on the surface of the slice by sputtering
silicon nitride (Si3Ny4). The insulator is used to avoid short problem between the top and bottom
contact or between the detection pixels. Then, we deposit a reflecting metal layer of titanium (Ti)
upon the insulator layer by sputtering. Because the insulating layer and the reflecting metal layer
of several regions, such as the surface of each pixel, the top and bottom contact, have to be

removed, we refill the second insulating layer of polyimide into the mesh-like trenches to protect

16



the region in which the insulator and metal reflector have to be preserved. Next, we utilize HF to
etch the insulating layer and the reflecting metal layer of the slice except those protected by the
polyimide on the trenches. Therefore, the optical isolation structure is formed by the

metal-insulator-semiconductor (MIS) structure.

MIS structure

Polyimide
I
A ——— Active Region
Bottom
Contact

—_ S5-I GaAs
Sustrate

Fig.3 The 3-D solid view of a 1 xN linear detector array

(3) V-groove Couple Scheme

Refer to Fig. 4 (d), in order to couple the normal incident light, we construct several
rectangular grooves on the surface of each detection pixel by anisotropically wet etching. As
mentioned above, the longer side of each rectangular groove must be parallel to the [011]
direction to ensure the outward sloping structure. The etchant is composed of NH4OH-H,0,-H,O
mixed with 3:1:50 volume ratio. After the etchant is prepared, one must begin the etching process
immediately to avoid the etchant aging problem. That is, H,O, will escape from the etchant and

the composition will change.

(4) Field Passivation Layer
Refer to Fig. 4 (e), for making the metal on the top contact cross the trenches to the surface of
each detection pixel, we coat the surface of the top contact with a field-passivation layer of

polyimide.

(5) Electrode Deposition and Lift-off

Refer to Fig. 4 (), the electrodes are created by the same process of single device. We deposit
an alloy layer of Au/Ge/Ni and a layer of Au on the surface of the slice by evaporation. Then, the
excess metal is removed by lift-off method and therefore we obtain the desired electrode

configuration. Finally, the device is treated by rapid thermal annealing (RTA) to form the ohmic
17



contacts. The fabricated sample is then sliced into pieces of detector arrays, and is located on a

ceramic plate to measure some electrical properties.

(a)

(b)

(c)

top cont
active

bottom ¢

S-1 GaA

Detection

top contact



(d)

v-groove V-groove

(e)

®

Top contact of pixel

electrode field-passivation layer

common ground
electrode

Fig. 4 The schematic process flow of the 1-D linear array, which correspongg?(} %Eleeal!tlsc%llvatlon

(AA’ direction) and transverse (BB’ direction) cross-section of the array bulk in Fig. 3.3,

respectively.
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The sample structures and the experimental results are given in this chapter. With the
current-voltage (I-V) curves and responsivity of our sample, the characteristics of the detectors
can be observed. The influence of doping density in the well is discussed through these

experiment results, and the fabricated 1-D detector array is also proposed.

1. SLIP with Doping Density 1 X 10'” in the Superlattice

(1) Sample Structure and Band Diagram

As shown in Fig. 5 (a), the Sample A is formed by sandwiching a superlattice structure
between the front and rear blocking layers. The superlattice structure consists of 20-period 40A
undoped Al 3,GagesAs and 60A GaAs doped with 1x10'7 ¢cm™. The blocking layer is 500A
undoped Al 32Gap 6sAs, and the contact layer is doped with 1x10"% cm™.

Figure 5 (b) shows the energy band diagram of Sample A which is estimated by the transfer
matrix method with taking into account the band-nonparabolicity [7]. The first miniband is
estimated to range between 57.6meV and 66.6meV while the second miniband ranges between
209meV and 264meV. These energies refer to the contact layer. Therefore, the absorption
wavelengths are located from 6.01um to 9.37um corresponding to the transitions at zone center
and zone edge, respectively. The energy barrier height of the two blocking layers is about
256.3meV.

(2) Current-voltage (1-V) Characteristics

Figure 6 shows the I-V curves under different temperatures. The solid lines present the dark
current at temperature 40K to 100K, while the dash line is the photocurrent at temperature 30K
under the room temperature background radiation upon the detector. According to the I-V curves,
when temperature is above 60K, the difference between the dark current and the background
photocurrent becomes very small. Therefore, the background limited performance temperature
Tgrp 1s about 60K.

It is noted that the [-V curves are not symmetrical with the respect to the bias polarity. Larger

current at positive biases may be attributed to the dopant migration [8].

(3) Spectral Response

Figure 7 shows the spectral response of Sample A under different positive and negative biases.
The responsivity is increased with the applied bias, and the lineshape of the photo response is
unchanged. Only one peak at the long wavelength 9.05um is observed. This result is consistent
with the transition of electrons from the top of the first miniband to the bottom of the second
miniband. The maximum responsivity is about 31mA/W at wavelength 9.05um under bias +2.0V,
and 15mA/W at wavelength 9.03um under bias -2.0V. The short wavelength absorption

corresponding to the electron transitions from the bottom of the first miniband to the top of the

20



second miniband is disappeared. This phenomenon is because the doping density in superlattice is
quite low so that the superlattice is no longer a low resistance structure and voltage drops on it.
Therefore, the minibands may not be formed due to the misalignment of the energy states in the
adjacent wells. Therefore, the wave function is localized. and the spectral responsivity becomes
sharper [9].

Figure 8 shows the spectral response of Sample A under biases +1.1V and +1.3V at several
temperatures. When the temperature is increased, the carriers in the superlattice will increase by
absorbing the thermal energy, and the superlattice becomes more conductive. Therefore, the
external bias must be redistributed. The voltage drop on the superlattice is decreased, and more
external bias drops on the blocking layers, as shown in Fig. 9. Under low bias, the responsivity is
increased with the temperature because more voltage drops on the blocking barriers at high
temperature. However, the response is disappeared under high bias at high temperature because
the dark current is also increased with temperature. We also show the full width at the half
maximum (FWHM) in Fig. 8. The FWHM increased with temperature because the impurity
scattering in the superlattice is increased.

Furthermore, the responsivity can be expressed as

A
R(A) =E—C779 , (1)

where c is the velocity of light in the vacuum, g is the optical gain, and 7] is the quantum
efficiency which is the number of photoelectrons generated by per incident photon. With the
responsivity taken as 31mA/W under +2.0V, 15mA/W under -2.0V, and the optical gain taken as
1, we estimated the quantum efficiency to be 0.43% at the voltage +2.0V and 0.21% at the
voltage -2.0V.

(4) Specific Detectivity

We assume that the shot noise is the main current noise source [10], and takes form as :

irms = 2eIdAf > (2)

where |, is the dark current. So, detectivity is derived as :

‘_r | A
0 =R 2ely ©)

The peak detectivity D" at 60K is 3.7x10%cmHz"%/W under V=1.1V at wavelength 9.1um and
1.5x10° cmHz"*/W under V=1V at wavelength 9.12um at 80K. The detectivity will be descreased

as the temperature increasing. This result is caused by the rapidly increasing dark current.
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Fig. 5 (a) The structure of Sample A (high doping density 1 X 10'7) and B (low doping density
5X10'%) (b) Their schematic energy band diagrams.
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Fig. 6 The current-voltage curves of Sample A. The solid lines are the dark current at
temperature 40K to 100K, while the dash line is the photocurrent at temperature 30K.

The positive voltage means top contact is applied positive biases.

23



Sample A
Positive Bias

Responsivity(mA/W)

T

7 8 9 10 11
Wavelength(um)
(a)
16
1 -2.0V Sample A
14 4 Negative Bias

Responsivity(mA/W)

Wavelength(um)

(b)

Fig. 7 The spectral response of Sample A measured (a) at several positive biases and (b) at
several negative biases.
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Fig. 8 The spectral response of Sample A (a) under bias +1.1V and (b) under bias +1.3V at
several temperatures.
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Fig. 9 The band diagrams under a positive bias :
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2. SLIP with Doping Density 5 X 10'® in the Superlattice

(1) Sample Structure and Band Diagram

In order to see the effect of different doping density in the superlattice, the Sample B is
designed as the same as Sample A except the doping density (5x10'® cm™) in the superlattice.
Therefore, the band diagram of Sample B is also the same as Sample A (as shown in Fig. 5).

(2) Current-voltage Characteristic

The I-V curves of Sample B under different temperatures are shown in Fig. 10. The solid lines
present the dark current at 40K to 100K, while the dash line is the photocurrent at 30K under the
room temperature background radiation upon the detector. According to the I-V curves, we
observe the background limited performance temperature Tprp is up to 70K. The dopant

migration can also be observed in Sample A.

(3) Spectral Response

The spectral response of Sample B under several positive and negative biases is shown in
Fig.11. The peak responsivity is about 45.4mA/W under +2.1V, at wavelength 9.15um and
40mA/W under -2.5V, at wavelength 9.21um.

Figure 12 shows the spectral response of Sample B under biases +1.2V and +1.4V at several
temperatures. The reason that the responsivity of Sample B is increased with temperature is the
same as Sample A. When the temperature increases, the external bias must be redistributed. The
voltage drop on the blocking barriers is increased, and the response becomes larger than that at
low temperature. We can also see that the FWHM of Sample B is increased with temperature.

With the responsivity taken as 45.4mA/W under +2.1V, and 40mA/W under -2.5V, we
estimated the quantum efficiency to be 0.62% at the voltage +2.1V and 0.54% at the voltage
-2.5V.

(4) Specific Detectivity

The peak detectivity D" at 60K is 2.44x10°cmHz"%/W under +1.2V at wavelength 9.19um, and
9.44x10%mHz"*/W under +1.4V at wavelength 9.20um at 80K. The detectivity will be
descreased as the temperature increasing. This result is caused by the rapidly increasing dark

current.

3. Comparison of Sample A and Sample B

In order to compare the performance of Sample A (high doping density 1x10'’cm™) and
Sample B (low doping density 5x10'°cm™), we summarized those experimental results for
analysis. Figure 13 shows the I-V curves under different temperatures. The solid lines are the
dark current at 60K and 70K , while the dash line is the photocurrent at 30K. Because the doping
density in the well in Sample A is higher than that in Sample B, the dark current and
photocurrent of Sample A are higher than Sample B. However, the background limited
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performance temperature Tgp of Sample B (70K) is larger than that of Sample A (60K).

We also show the responsivity comparison in Fig. 14. Sample B has better responsivity for
both forward and reverse biases than Sample A. This may be due to the impurity scattering in the
well. When the electrons are excited by the photons into the second miniband, and oscillate
between two blocking layers, these electrons will be scattered by the impurities in the wells into
the first miniband, and emit the LO phonons. It is expected that the absorption rate of photons
and the scattering rate of electrons in the superlattice are both proportional to the doping density
in the well. Their effects on the photocurrent will cancel each other. According to our
experimental results, the device with low doping density is better than the high doping density
one because of the decrease of impurity scattering.

The operational voltage of Sample A ranges from 1.3V to 2.0V, under forward bias and from
-0.9V to -2.0V under reverse bias. The operational voltage of Sample B ranges from 1.3V to
2.2V under forward bias, and from -1.7V to -2.5V under reverse bias. Because the voltage drop in
the superlattice of Sample B is higher than Sample A, the operational voltage of Sample B is
higher than Sample A.

Sample B has better quantum efficiency under both forward and reverse biases than Sample A.
The detectivity of Sample A and B under several positive biases at 60K and at 80K are shown as
Fig. 15. The detectivity of Sample A is lower than Sample B at 60K and 80K.

As a consequence, Sample B (doping density 5x10'°cm™) has better background limited

performance temperature Tprip, responsivity, quantum efficiency, and detectivity.
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< ] J /] 70K
E 1E-74 \ /)
o 1 70K \\\ /
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\\|
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-3 -2 -1 0 1 2 3
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Fig. 10 The current-voltage curves of Sample B. The solid lines are the dark current at
temperature 40K to 100K, while the dash line is the photocurrent at temperature 30K.
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Fig. 11 The spectral response of Sample B measured (a) at several positive biases and (b) at
several negative biases.
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Fig. 13 The I-V curves of Sample A and B. The solid lines are the dark current at temperature

60K and 70K , while the dash line is the photocurrent at temperature 30K.
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Fig. 14 The spectral response comparison. Sample B has better responsivity for both forward
and reverse biases than Sample A.
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4. 1-D Detector Array
In the section, we will show some experimental results of 1-D detector array. The sample
structure is the same as Sample A (as shown in Fig. 5). New process for 1-D array is used, so

some fabrication results are proposed first.

(1) Fabrication Result

Figure 16 shows the SEM picture of the trench with the optical isolation structure which is
fabricated by PECVD deposition silicon nitride (SizsN4) and sputtering titanium (Ti) on the wall of
the trench. It is noted that the thicknesses of the SizN4 and Ti on the wall are about 1500A and
400A when the deposition thickness is 2000A on the top surface of the sample. Because the skin
depth of Ti at the wavelength 9um is about 300A, so we sputter thickness S000A on the top
surface of the sample and thickness 1000A on the wall of the trench to ensure that light would be
reflected by the metal-insulator-semiconductor (MIS) structure.

In order to couple the normal incident light, the V-groove coupling scheme is fabricated. Figure
17 shows the AFM picture of several V-grooves, and the tilted angel is about 41°. These facets
can direct the normal incident light into the device though refraction, as shown in Fig. 18 (a). In
order to analyze the couple efficiency of different tilted angles, we assume the incident light is
TM mode and calculate the electrical field ratio of the refraction component to the incident light
versus the tilted angle. The result is shown in Fig. 18 (b). We can see that the electrical ratio is
34.3% when the tilted angle is 41°. The maximum is 39.5% if the tilted angle is 54°. Finally, the

fabricated detector array is shown in Fig. 19.

(2) Current-voltage Characteristic

Fig. 20 shows the I-V curves of 1-D detector array under different temperatures. The solid lines
present the dark current from 20K to 80K, while the dash line is the photocurrent at 25K under the
room temperature background radiation upon the detector. The dark current begins to dominate
when temperature is above 50K. The background limited performance temperature Tgrip 1S up to

50K for the forward bias smaller than 1.4V, and reverse bias smaller than 1.3V.

(3) Spectral Response

The spectral response of 1-D detector array under several positive and negative biases is shown
in Fig. 21. The peak responsivity is about 10.3mA/W under +2.6V, at wavelength 8.95um and
2.85mA/W under -2.2V, at wavelength 9.03um.

With the responsivity taken as 10.3mA/W under +2.6V, and 2.85mA/W under -2.2V, we
estimated the quantum efficiency to be 0.14% at the voltage +2.1V and 0.04% at the voltage
-2.5V.

(4) Specific Detectivity
The peak detectivity D" at 60K is 8.02x10%mHz"*/W under +1.5V at wavelength 9.02um, and
2.15x10%mHz"*W under 1.4V at wavelength 9.04um at 80K. The decrease of detectivity with
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the increase of temperature is caused by the rapid increasing dark current.

Si,N,(15

183183 28KV X26.8K 1

Fig. 16 The SEM picture of the trench with the PECVD deposition SizNy4 and sputtering Ti on
the wall of the trench. The thicknesses of the SizN4 and Ti on the wall are about 1500A
and 400A when the deposition thickness is 2000A on the top surface of the sample.

5. Comparison of Single Device and 1-D Detector Array

In order to analyze the performance of 1-D detector array, we summarized experimental results.
Figure 22 shows the I-V curves under different temperatures. The solid lines are the dark current,
while the dash line is the photocurrent at 30K. We can observe both the dark current and
photocurrent of single device are higher than detector array. This may be contributed that the
contact resistance of the detector array is much higher than the single device. As shown in Figure
18(c), the area of the detection pixel is 45x45um’, and the contact is a metal ring which thickness
is about lum. It may make the higher contact resistance and lower current density. In order to
make sure that the contact area will affect the current density, we apply silver on the detection
pixel to increase the contact area. Figure 23 shows the I-V curves of the device which have Ag on
the detection pixel or not. We can see that the current density of the device with Ag is much larger
than the device without Ag. As a consequence, the higher contact resistance is caused by the
small contact area.

Next, we show the comparison of spectral response in Fig. 24. The single device has better
responsivity for both forward and reverse biases than the 1-D detector array. Besides the higher
contact resistance of the detector array, the efficiency of V-grooves coupling scheme is another

factor that affects the spectral response.
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The detectivities of single device and 1-D array under several positive biases at 60K and 80K
is shown in Fig. 25. Although the response of single device is larger than detector array, the
detectivity of the single device is lower than detector array at 60K and 80K. This is because the

dark current of single device is much higher than that of the detector array.
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Fig. 17 The AFM picture of several V-grooves : (a) the original pattern, and (b) the profile of
the AA’ direction. The tilted angel is about 41°.
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Fig. 18 (a) The optical path of normal incident light into the device though refraction (b) The
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Fig. 19 The fabricated 1-D detector array : (a) original size X 50 (b) X 200 (c) X 500
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Fig. 20 The current-voltage curves of 1-D detector array. The solid lines are the dark current at
temperature 20K to 80K, while the dash line is the photocurrent at 25K.
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Fig. 21 The spectral responsivity of 1-D detector array measured (a) at several positive biases
and (b) at several negative biases.
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Fig. 22 The I-V curves of single device and 1-D detector array. The solid lines are the dark
current , while the dash line is the photocurrent at temperature 30K.
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Fig. 23 The dark currents of 1-D detector array which have Ag on the detection pixel or not.
The current density of the device with Ag is much larger than the device without Ag.
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Fig. 24 The spectral response comparison. Single device has better responsivity for both
forward and reverse biases than 1-D detector array.
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In the report, we discuss the effect of doping density in the superlattice with the comparison of
the experimental results of Sample A (high doping density 1 X 10'") and Sample B (low doping
density 5X 10'°). Besides, we also develop a fabrication process of 1-D detector array for the
thermal imaging application.

From the I-V curves, the dark current and photocurrent of Sample A are larger than those of
Sample B, and the background limited performance temperature Tgrp of Sample B (70K) is
higher than Sample A (60K).

Next, we summarize the spectral response. Sample B has better responsivity for both forward
and reverse biases than Sample A. It may be attributed to the impurity scattering in the well. The
absorption rate of photons and the scattering rate of electrons are both proportional to the doping
density in the well, and their effects on the photocurrent cancel each other. As a result, Sample B
has better responsivity, and quantum efficiency. It is concluded that the performance of Sample B
(low doping density 5x10'%) is better than Sample A (high doping density 1x10'") due to the
decrease of the impurity scattering.

The fabrication process of 1-D detector array is illustrated and investigated. In the process, the
V-groove couple scheme is used instead of the edge couple one, and the optical isolation formed
by metal-insulator-semiconductor (MIS) structure is used to prevent the crosstalk between the
detection pixels. Each step of the process is investigated and then integrated into the complete
fabrication process. The experimental results of the fabricated 1-D detector array are also
proposed to analyze the performance.

The peak responsivity of 1-D detector array is 10.3mA/W at the voltage +2.6V, which is
smaller than sample A (31mA/W under bias +2.0V). The dark current of detector array is much
smaller than single device. This may be due to the higher contact resistance of detector array.

In the future, we will improve the process of 1-D detector to increase the contact area of metal
ring for lower contact resistance and larger tilted angle for better couple efficiency. It will be a

new method to fabricate 1-D detector for thermal imaging applications.
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3. Superlattice Infrared Photodetector with Grating Structure for Normal

Incident Light Coupling

A w2

QWIPs do not absorb radiation incident normal to the surface since the light polarization must
have an electric field component normal to the growth direction to be absorbed by the confined
carriers. When the incoming light contains no polarization component along the growth direction,
the matrix element of the interaction vanishes. As a consequence, these detectors have to be
illuminated through a 45° polished facet. However, this illumination scheme limits the
configuration of detectors to linear arrays and single elements. For imaging, it is necessary to
couple light to two-dimension arrays of these detectors uniformly.

Some different methods can to deflect the incoming light away from the direction normal to
the surface, enabling intersubband absorption, such as random reflectors, two-dimension periodic
gratings, corrugated structure, microlenses and so on. In the thesis, normal light incident is
successful by using periodic gratings

Surface plasmon at the interface between a metal and a dielectric material have a combined
electromagnetic wave and surface charge character as shown in Fig. 1. They are transverse
magnetic in character (H is in the y direction), and the generation of surface charge requires an
electric field normal to the surface. This combined character also leads to the field component
perpendicular to the surface being enhanced near the surface and decaying exponentially with
distance away from it. The field in this perpendicular direction is said to be evanescent, reflecting
the bond, non-radiative nature of surface plasmon, and prevents power from propagating away
from the surface. The surface plasmon mode has the momentum mismatch problem that must be
overcome in order to coupling light and surface plasmon modes together, with the surface
plasmon mode always lying beyond the light line, this is, it has greater momentum than a free
space photon of the same frequency.

The enhanced transmission through periodic arrays of subwavelength holes in optically thick
metallic films has demonstrated. Not only is the transmission much higher than expected from
classic diffraction theory, it can be greater than the percentage area occupied by the holes,
implying that even the light impinging on the metal between the holes can be transmitted. For a
square array of period ap the peaks A . the normal incidence transmittance spectral can be

identified approximately from the dispersion relation, and they are given by :

R N (23)
m d

where indices i and j are the scattering orders from the array.
In order to apply surface plasmon in our device, we make the grating structure on our mesa.

We will discuss the phenomenon in following sections. Fig. 2 shows an accomplished surface
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structure by using Scanning Electron Microscope (SEM).

7 A

Dielectric

VARAAE:

b
Metal

Fig. 1 The surface plasmons between a metal and a dielectric material.
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(a) (b)
Fig. 2 The top view of the mesa surface pattern (a) and (b) are 3 ;m apertures with 6 ym
period.
B. % 2=

We will divide detector structure into two parts in this section. One is the structure of wafer.
The other is the surface structure on the mesa.
The sample was grown by molecular beam epitaxy on a semi-insulating GaAs substrate. The

sample structure has a 10000 A bottom contact, a 3-period superlattice on the bottom layer, a
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3000 A barrier layer ( Alp23Gag72As ), another 45-period on the top layer, and a 8500 A
Alp32GagosAs on the top contact layer. Each period of the bottom superlattice consists of 65 A
GaAs well and 35 A undoped Alj 3,Gag 23As barrier, but the well is modulated doped with 1x 10'8
cm™of Si in sample. We only doped in the middle well in each three quantum well.

In order to show the design principles, we have to know the operation mechanism on our sample.
Figure 3 shows the theoretical band structure of our sample. The band structure is estimated by
the transfer matrix method with taking into account the band-nonparabolicity.

In our sample, the top superlattice has two minibands. The first miniband is estimated to range
between 48 meV and 60 meV. The second miniband is estimated to range between 182 meV and
242 meV. Therefore, the corresponding absorption wavelengths are 6.39 «#«m to 10.16 «#m. The
bottom superlattice also has two minibands. The first miniband is estimated from 50 meV to 58
meV. The second miniband is estimated to range from 189 meV to 230 meV. Consequently, the
corresponding absorption wavelengths are 6.89 «~m to 9.46 «~m.

Fig. 3 The band diagram of our sample

In order to achieve optical coupling for normal incidence, we design some grating structures on
the mesa. Figure 4 shows SEM image of the gtating stracture on the mesa. The gratings(and
contact consist of Au. We manufacture three different period gratifig structures,.including 6 «~m,
9,«m, and 12 «#m. The trench width in all samples is 3 #m.

The operational mechanisms are shown in Figure 5. Under positive bias voltage, the
photoresponse corresponds to the miniband transition in the bottom SL. The photoelectrons in the
second miniband of bottom SL 24b2meY through the barrier due to the applied voltage on the
blocking layer. Those escaped photoelectrons leave a positive field to attract electrons from

bottom contact and therefore t};iw cuvrent in the external circuit is formed. On the contrary,

to
m

the photoelectrons in the top are gawn to top contact, and the left positive field attracts

electrons from top contact. This is an internal current circulation which can not be metered by
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external circuit. On the other hand, the photoresponse under negative voltage is attributed to front

SL.

2|

et
20pm _ IGO0% AR 20050471

(a) (b)

Fig. 4 The top view of the mesa surface pattern : (a) and (b) are 3 #m trenches

with 6 #m

period..

L ]

\ 4

Fig. 5 Schematic illustrations of operational mechanisms at positive and negative bias.

In order to have the electric field for perpendicular direction, the gratings on the mesa deflect
the incoming light away from the direction normal to the surface. Figure 6 shows the diagram.

The samples have different open air fraction on the mesa. Their open air fractions are 25%, 33%,

and 50% individually. We will discuss the three cases later.

49 . . -
Positive Bias



Fig. 6 The gratings deflect the incoming light away frmhe gir tion normal to the surface.
cta
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1. Sample with 45-degree facet coupling

The photoresponse of sample without grating under high bias is shown in Figure 7 and Figure
8. The operational mechanisms are described above as shown in Figure 5. The response is
dominated by short wavelength transition at low bias voltage and shifts to long wavelength as
voltage increasing. The long wavelength responsivity is suppressed when the detector is operated
at low bias condition. It is because the energy barrier of blocking layer is higher than the bottom
state of second miniband minimum and therefore the photoelectrons in the bottom state of second

miniband minimum cannot tunnel through the barrier at low bias level.
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Fig. 7 The spectral response of sample with 45-degree facet coupling under high positive bias at

12K.
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Fig. 8 The spectral response of sample with 45-degree facet coupling under high negative bias
at 12K.

2. Samples with grating structure

The photoresponse of different surface period structure will be shown in this section. The light
is normal incident on our samples. First, we introduce the sample which trench width is 3 »~#m and
period is 6 «#m. In the following section, we will call the sample L33 for short. Figure 9 and
Figure 10 show the responsivity of L33. In Figure 9, the peak positions are at 7.6 «#m, 8.3 «#m,
8.65 «m, 9.3 «#m, and 10 «m. The main peak of 10 «~m is due to 3-period superlattice. In Figure
10, the peak positions are at 7.6 #m, 8.3 #m, 8.65 «m, 9.3 «#m, and 10.3 #m. The main peak of
10.3 «#m is due to 15-period superlattice. In the Figure 11, the responsivity varies from different
polarization light. The TE (electrical field is perpendicular to trench) responsivity is larger than
TM (electrical field is parallel to trench) responsivity. This is because TE light has larger
electrical field fraction in perpendicular direction after the light is diffracted by gratings. Owing
to the selection rule, the TE light has better performance than TM light.

The sample of trench width 3 #m and period 9 «#m is called L36 for short. Figure 12 and
Figure 13 show the responsivity of L36 under high bias. The peaks of L36 and L33 are at the
same position. In the Figure 14, the TE responsivity is also larger than TM response. Finally, the
sample which trench width is 3 #m and period is 12 #m is called L39 for short. The performance
of L39 is similar to L33 and L36. Figure 15 and Fig. 16 show the responsivity of L39. Figure 17
shows the difference between the TE light and TM light. Although TE response is lager than TM
response in all sample, the different value between the TE light and TM light vary with period.

We will discuss the phenomenon in next section.
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Fig. 9 The spectral response of L33 under high positive bias at 12K.
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Fig. 10 The spectral response of L33 under high negative bias at 12K.
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Fig. 11 The spectral response of L33 under TE and TM polarization.
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Fig. 12 The spectral response of L36 under high positive bias at 12K.
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Fig. 13 The spectral response of L36 under high negative bias at 12K.
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Fig. 14 The spectral response of L36 under TE and TM polarization.
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Fig. 15 The spectral response of L.39 under high positive bias at 12K.
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Fig. 16 The spectral response of L39 under high negative bias at 12K.
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Fig. 17 The spectral response of L39 under TE and TM polarization.

3. Discussion

(1) Polarization

In the Figure 18, the response of TM light should be zero theoretically, because the TM light
which is diffracted by gratings has the electric field always paralleled with the surface. However,
no matter how we change the direction of polarization, the response of TM light is not zero.
Figure 19 shows the spectral response of L36 under different polarization. When polarization is
45-degree, the responsivity reaches maximum. Therefore, the light with 45-degree is called TE
mode. On the other hand, the light with 135-degree is called TM mode. Although TM response is
minimum, it is not zero. This is because edge light coupling produces response of TM mode, and

we will discuss this phenomenon in the next section.

(2) Edge Light Coupling

The TM light absorption comes from edge light coupling. The device without any surface
structure is measured in two different ways. One is the 45-degree facet light coupling and the
other is normal light incident. The experiment of edge light coupling is shown in Figure 20. In the
Figure 21, the response of edge light coupling for normal incident is about half of 45-degree facet

coupling. By experimental data in Figure 21, we realize that the edge light coupling has great
influence on our sample.
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Fig. 19 Experiment of edge light coupling (a) edge light coupling for normal light incident (b)
45-degree facet coupling
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Fig. 22 The edge light coupling scheme.
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Fig. 23  The spectral response of edge light coupling under different polarization.



Figure 22 shows the edge light coupling scheme. When the light is incident with 1-degree, the

refraction angle can be calculated by Snell’s Law.
nsinf;=n 5 sinH, (1)

The refraction angle is 15-degree. Therefore, the refraction light has large fraction of electrical
field which is perpendicular to the superlattice plane. This is why the TM light can be absorbed
by our device. In Figure 23, the response does not change too much no matter what the
polarization light is incident. This is because the photoresponse is from edge coupling light of the
mesa edge. Consequently, the light coupling efficiency depend on mesa height and mesa shape.

As the mesa height is deeper, the response can be observed more obviously.

(3) Response with different period grating

The introduction of surface plasmon is discussed previously. Figure 24 shows the transmission
of our sample. Because the wavelength is longer than trench width, the transmission decays as the
wavelength increase theoretically. However, there is a 9 &#m peak in L33 device. It is attributed to
the surface plasmon between the GaAs and metal. The peak in L36 device is at 13.5 #m, and it is
not in the detection region. The plamon peak is not as sharp as other papers. This is because the
mesa size is only 300 #mx 300 «m. There are only twenty five slips on the mesa of L33.
Therefore, the transmission enhancement by surface plasmon is not obvious.

The TM response is due to edge light coupling and the TE response is caused by edge light
coupling and grating structure. In above section, we have described that TE response is equal to
TM response in the edge coupling part. Therefore, the total TE response minus the total TM
response leaves response of grating structure. Figure 25 shows the response of grating structure.
The shape of L39 in Figure 25 is similar to the P1.2V response in Figure 7. This result is expected
by transmission in Figure 24, because the transmission spectrum of L39 in long wavelength is flat.
In L36 case, the transmission rises when wavelength is longer than 8 «~m. Therefore, the response
of L36 is sharper than L39 at long wavelength. There is a 9 «#m peak in L33 case. We can observe
the phenomenon in Figure 25. The response of L33 is larger than L36 in 8.5 #m ~ 9.5 «#m region
in Figure 25. Figure 26 shows the diagram of responsivity vs. open air fraction at different
wavelength. The short wavelength response does not match with the transmission spectrum,
because of the low group velocity and relaxation. By dispersion relation, the group velocity of
short wavelength is slow, and the relaxation effect will be serious. Therefore, the responsivity

saturates under high open air fraction.

(4) Quantum efficiency and diffraction angle

The internal quantum efficiency for unpolarized light is given by
7, =%{1—exp(—1.62910‘4de xW x sx N x Sin*6)} (2)

where Ny is doping density, W is well width, S is number passes, # is incident angle.
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Therefore, the internal quantum efficiency calculated from Eq. (2) is 0.03.

The external quantum efficiency is given by
0.738

A

The external quantum efficiency of 45-degree facet coupling is 0.01566. Because the response is

77i = 77ext (3)

proportional to external quantum efficiency, we can obtain the external quantum efficiency of
L39. The external quantum efficiency of L39 is 0.02. The internal quantum efficiency of L39
calculated from Eq. (3) is 0.027. Therefore, the diffraction angle is derived by using Eq. (2). The
diffraction angle of L39 is 67-degree. By the same method, the diffraction angle of L33 and L36
are 68-degree and 67-degree.
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Fig. 24 The transmission of L33, L36, and L39
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In this project, superlattice infrared photodetectors with gratings for coupling the normal
incident light are fabricated and studied. Base on this structure, response shape is tunable due to
surface plasmon. We focus on the response of different open air fraction and compare the
response with transmission.

The experiment results show that grating structure can effectively couple the normal incident
light for topside-illumination and the response is affected by surface plasmon in L33 structure.
By means of the experiment demonstration, the TM response is due to edge light coupling and
the TE response is caused by edge light coupling and grating structure. The detectors with grating
have good IR absorption spectrum of TE polarization. The transmission is enhanced by surface
plasmon. There is a plasmon peak in the detection region. This is why the response shape is
tunable. Thus, the applicability of the grating structure coupling is verified.

There are some options to improve the present work:

(1) In order to achieve the plasmon peak in our detection region, we can try to use different
trench width or period of grating structure.

(2) The metal thickness can be optimized to enhance the plasmon peak.

(3) We can change the mesa size to increase the amount of trenches on the mesa.

(4) The diffraction effect caused by the grating should be studied further to enhance the coupling
efficiency.
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Abstract : We have investigated a novel photodetector structure of coupling superlattice and
quantum wells. This device can be operated at low bias range and even the photovoltaic mode. The
broadband response is achieved by this structure.

© 2005 Optical Society of America

OCIS codes: (040.3060) Infrared ; (230.5590) Quantum-well devices

1. Introduction

In recent years, the applications such as the focal plane array (FPA) and remote temperature sensing drive the
research of novel intersubband transition devices. Some useful characteristics of quantum well infrared photodetector
(QWIP) including multicolor, photovoltaic are also investigated [1-3]. In addition to QWIP, the superlattice infrared
photodetector (SLIP) is another promising structure to achieve those applications. Compared with the quantum well,
superlattice has the properties including low power consumption, broadband photoresponse and voltage-tunable. The
performance of SLIP has been proved by our group [4-6]. The perspective of our detector is to operate at low bias,
therefore, low power consumption and low dark current are expected. We also hope the operation temperature can be
higher and the broadband and flatband spectrum can be observed. Based on our perspective, a new structure of
superlattice coupled to quantum wells is designed.

Figures 1(a) and (b) show the band diagrams of our sample under photovoltaic and photoconductive mode,
respectively. Under zero bias, the photovoltaic mode, electrons in superlattice excited to the second miniband will go
through the barrier by group velocity and captured by some quantum wells. Because of those captured electrons, the
potential on superlattice side is relatively positive and the quantum well is negative. Therefore, a built-in potential
will exist and the energy band will be bended as shown in Fig. 1(a). On the other hand, due to the dopant migration
during the growth process, a built-in electric field is created at the barrier in quantum well structure. Then, electrons
in quantum well excited to the bound state or the continuum band can tunnel through the barrier and become the
photocurrent. Hence, under zero bias, the photocurrent from superlattice and quantum wells can be measured
simultaneously.

For the photoconductive mode, Fig. 1(b) shows our sample operated under negative bias. When operated under
66
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negative bias, this structure works just as the general photodetector. Electrons in superlattice excited by infrared
radiation will go through the barrier and be accelerated by the electrical field on the quantum well structure. At the
same time, electrons in quantum well can also overcome the barrier and then become the photocurrent. On the other
hand, under positive bias, electrons will be attracted to top contact. In the superlattice, the electrons transport to top
contact and leave the superlattice a positive electric field. Therefore, electrons will be attracted back to superlattice
and become an internal circulation which cannot be detected. So we can measure both the superlattice and quantum

well response under negative bias, but under positive bias we can only observe the QWIP response.

N
N g
1S
U
s N A e L
’ 0 ...................
- 0

(a) (b)
Fig. 1. The band diagram under (a)photovoltaic (PV) mode and (b)photoconductive (PV) mode of negat[ve bias.
€
2. Sample Structure ¢
Our sample structure contains a 15-period superlattice, a 60 nm graded b@,rrier and a 50-period quantum well. Each
period of the quantum well consists of 6nm GaAs well and 50nm undoped Aly,;Gag79As barrier and each period of
superlattice consists of 6nm GaAs well and 4nm undoped A_loAngesoﬂAs barrier. The superlattice and quantum well
structure are both doped with Si for 4x10'7 cm™. The absorinon wavelength of superlattice we designed is 6~10 ¢ m,

and the transition type for quantum well is bound to continuum and the longest absorption wavelength is 11.7 ¢ m.

3. Experimental Results and Discussions

Figures 2(a) and '*b) are the photoresponse under photovoltaic mode at low temperaqw'ﬂ)and high temperature,
respectively. TheTcause eof the photovoltaic response from superlattice and quantum well*are group velocity and the
dopant migration, respectively. Because the photovoltaic spectrums are measured under open-circuit condition by
voltage ampliﬁggn&gg{)/ertical axis in both figures is the relative voltage amplitude. Three peaks can be distinguished
from the spectrum. One short wavelength peak is at 6.5 ¢ m from superlattice and the other two attributed to the
quantum wells are located at 9.2 /SHPand 11.5 um. As temperature rising, the superlattice response is steady
enhanced, while the quantum well response is gradually diminished. From Fig. 2(b), the superlattice response
reaches the maximum at 60K. At high temperature, due to the phonon scattering increases, the relaxation process in
quantum wells becomes more serious, so the quantum well response is almost disappeared. The arrows in both

figures show the trend of the superlattice response.
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Fig. 2. The photovoltaic response under (a)low and (b)high temperature. The arrow shows the trend of the

superlattice response as temperature changing. The response from QWIP is gradually reduced as temperature

rising.
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Fig. 3. The comparison of responses at 12K under negative bias to those under positive bias at (a)0.3V and 0.5V,
(b)0.7V and 1.0V. The short wavelength peak from SLIP can be clearly distinguished under negative bias, hence the

response under negative bias is more broadband than the positive one.

Figures 3(a) and (b) are the comparison of the responses under negative bias to those under positive bias at
different bias magnitude. From Fig. 3(a), the photoresponse under positive bias from only quantum wells can be
divided into two parts. The first part is the response at short wavelength side including a peak at 10.1 ¢ m and a tail at
shorter wavelength. The other part is the peak at 11.4 y m. Because the transition type of quantum wells is
bound-to-continuum, we consider the short wavelength part is from the bound-to-continuum and the 11.4 ¢ m peak is
from bound-to-bound transition. For bias higher than 1.0V, as Fig. 3(b) shown, only the bound-to-bound peak can be
observed.

For a bound-to-continuum QWIP, a broadband detector can also be achieved. However, the intensity of the short
wavelength tail is relatively weak. Therefore, our perspective of broadband and flatband response can be achieved by
adding the SLIP designed for short wavelength detection into the structure.

Under negative bias, the spectrum is the combination of the response from superlattice and quantum wells, and a
new peak at short wavelength side from superlattice can be clearly distinguished when compared to spectrum under

positive bias. For the response under 0.3V, the response under negative bias is more broadband than that under
68



positive bias. The additional spectrum located around 7 ¢ m is from superlattice as our design and the other two
peaks from quantum wells are just like the response under positive bias. As bias increases, the broadband response
under negative bias can still be observed but less apparent. Since most of the sample structure is quantum wells, at
high negative bias, only one peak from bound-to-bound transition in quantum wells exists like the response under
positive bias. The above described photovoltaic and voltage-tunable characteristics can be observed until 80K.

The detectivity of our sample at three different temperature is shown in Fig.4. Here we choose two different
wavelengths for the detectivity under positive and negative bias. For positive bias, the origin of response is quantum
wells, so detectivity at 11.4 4 m is shown. For low negative bias range, the response is mainly from the superlattice.
Hence, the wavelength of the negative bias detectivity is chosen as 7.4 4 m. From Fig.4, we observe the maximum
detectivity occurred at low negative bias. At different temperature, the peak value of negative bias detectivity from
superlattice is comparable to the detectivity from quantum wells even the bias at 2V. It is the evidence the
superlattice suits for the low bias operation. Besides, this phenomenon is observed even at high temperature as 90K.

Therefore, the superlattice is also ideal for high temperature operation.

10°4 D*@7.4um = ™ D* @ 11.4um |
o /'.
2 Ll
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1009— —o— 90K
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Fig. 4. The detectivity (D*) of our sample at 60K, 80K and 90K. The detectivity under positive and negative bias are

at 11.4 and 7.4 . m, respectively.

4. Conclusion

In conclusion, a new structure of SLIP coupled to QWIP is investigated. By using this structure, the photovoltaic
operation mode is achieved because the dopant migration effect in quantum wells and group velocity in superlattice.
For photoconductive mode, only QWIP response exists at positive bias. Under low negative bias, the photoresponse
from both SLIP and QWIP can be observed. By using this structure, under low bias range, the detector is not only
with low dark current for lower power consumption but also the broadband and flatband photoresponse. This
structure also makes the high temperature operation possible. Therefore, another choice is provided to implement the

focal plane array.
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