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STUDY ON SUBSTRATE-LIFTED-OFF QUANTUM WELL
INFRARED PHOTODETECTOR
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Abstract ; Epitaxial films of GaAs/AlGaAs multi-quantum wells were lifted-off from its grown substrate and transferred to a
Si substrate, a typical infrared optical window material. The lifted-off sample was fabricated into quantum well infrared pho-
todetector { QWIP). The responsivity and photocurrent spectrum of the lifted-off QWIP is shown in similar to that of QWIP
processed from the as-grown wafer. It demonstrates that the lift-off process can be used in QWIP process without device per-
formance degradation. The lifted-off process can provide a new possibility to integrate the QWIP devices with other optical
device to enhance the detector performance,
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Introduction

The possibility for using multiple quantum well
(MQW) structures to detect infrared radiation was first
suggested by Smith!'), Since then, a lot of work has
been done on quantum well infrared photodetector
(QWIP) and great progress has been achieved'?™®', It
was shown that the lattice matched GaAs/Al Ga,, As
material system is a good candidate to construet quan-
tum well (QW) structures. By changing the Al propor-
tion x and the QW width, the intersubband transition
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energy can be varied from 3 to 18pum. Besides, GaAs
based materials and device processing have become a
mature technology. This technology facilitates highly u-
niform, large format QWIP focal plane arrays ( FPA)
with high yield and reproducibility.

However, the quantum efficiency (QE) of QWIP
1s much smaller than that of HgCdTe due to very small
effective absorption thickness of QWs, It is one of the
fundamental difficulties for QWIP. Recently, photonic
band gap (PBG) materials attracted a lot of interest

and its applications in many aspects have been stud-
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ied”*]. The manipulation of the photon can be easily
achieved in PBG material. It gives high possibility to
improve the QE of QWIP by integration of PBG with
QWIP. Then the bonding between the QWIP material
with the PBG material is necessary. A convenient way
is to use the lift-off QWs film for PBG-QWIP integra-
tion. Thus, a non-degrading QWIP using lift-off QWs
film is important. Some papers have described a meth-
od of epitaxial lift-off (ELO) to make the QWs film"*’,
but QWIPs made of the lifted-off QWs films have never
been reported so far. In this paper we present the re-

sults of our study on the substrate lifted-off QWIP.
1 Experiment

The epitaxial film structure in our experiment was
grown by MBE on semi-insulating ( 100) GaAs sub-
strate, It began with 100nm-thick AlAs used as the re-
lease layer in the lift-off process. It was followed by
1000nm-thick bottom n* GaAs contact layer doped
with Si to a concentration of 1.0 x 10"*c¢m ™. Then the
multiple QWs were grown. The QWs consisted of 50
periods of 50nm Al , Ga, 45 As as barrier and 5. 5nm
GaAs as well doped with Si, 7.0 x10"em ™. And fi-
nally, a2pum n' GaAs top contact layer was doped to a
concentration of 1,0 x 10" cm >,

Using the above structure, the epitaxial GaAs/
Al Ga,, As films were obtained by epitaxial lift-off
(ELO) method. In the processing, a solution of 5g
black wax (Apiezon W) dissolved in 40ml trichloro-
ethylene was sprayed onto the as-grown QWIP sample
and baked at 100°C for 2 hours. The sample was then
cleaved into a size of Smm X 5Smm and placed into 10%
HF acid. After 1020 hours, the AlAs release layer
was etched away and the epitaxial film supported by the
wax was floated off,as shown in Fig. 1. In the process,
black wax acted as a mask to prevent the wafer being
etched and to support the film before and after lift-off.

Once the process was completed, films supported
by the wax can transfer to any clean new substrate. In
our experiment, a Si substrate was used. Then a pres-
sure about 0. 15N/mm’ was applied to the film_to
squeeze out the water!''l, After two days, the film
would coalesce with surface of the new substrate due to

the interfacial force that was called “van der waals”
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Fig.1 Schematic diagram of epitaxial lift-off process
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bonding. Finally the black wax was rinsed away in tri-
chloroethylene leaving only the film bonded to the new
substrate.

With the new sample and the as-grown sample,
the 250 um x 250pm mesa devices were fabricated u-
sing standard GaAs lithography techniques and two-di-
mensional periodic gratings were made for normal inci-
dent light coupling. These two types of devices were
used to check the degradation of lified-off-QWIP mate-
rial related to the as-grown-QWIP material. The top e-
lectrical contact made of AuGeNi was in the middle of
the mesa with diameter d = 100um. The bottom contact

was also made of AuGeNi, as shown in Fig. 2,
2 Results and Discussion

2.1 Responsivity

We measured the blackbody responsivity of the lif-
ted-off-QWIP device using a 500K blackbody as the IR
source. The device was mounted in a liquid nitrogen
Dewar (T==80K). We obtained the responsivity R =
1.7 x10*V/W. The reference device of the same size
fabricated from the as-grown wafer was also measured.
The responsivity of the as-grown wafer device was R, =
1.5 x 10°V/W. These two devices gave almost the

same value of responsivity. The result confirmed that

Top contact
\ Bottom contact
| ——————
QwIP
]
Si substrate

Fig.2 Schematic diagram of QWIP
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the lifted-off-QWIP device still had good performance
in IR detection and the lift-off process would not de-
grade the quality of QWIP material.

2.2 Photocurrent spectrum

The photocurrent a spectra of the lifted-off-QWIP
device and the as-grown wafer device were also meas-
ured with a Fourier transform infrared spectrometer
(FTIR) at 80K. Figure 3(a) and (b) gave the exper-
imental results of the two devices as dots. Differences
between the two devices were evident. The photocur-
rents in the figure were in arbitrary unit and were not
comparable.

As shown in Fig. 3, the peak response wavelength
of the as-grown wafer device was at 8. 74 .m while that
of the lifted-off one is at 8. Sum. Based on effective
mass approximation theory, the peak of photocurrent
spectrum was expected at 8. 9um, which was in good
agreement with the result of the as-grown wafer device.
Also, we could see that the photocurrent spectrum of
the as-grown wafer device shown in Fig. 3 (a) gave
one peak behavior while the lifted-off-QWIP device
shown in Fig. 3 (b) gave multi-peaks behavior. We
think the differences in peak response wavelength and
line shape between the two devices can be understood
by the resonant absorption 2!,

In the resonant absorption process, boundary con-
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Fig.3 Photocurrent ( 1 ) spectrum of two devices (a)
as-grown-OWIP  (b) lified-off-QWIP. The dots and lines
are the experimental and theoretical data
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ditions between layers as well as the dielectric func-
tions for each layer would have great effect on the
transmission of electro-magnetic wave along the multi-
layer quantum wells. The simulation can be done using
transfer-matrix method (TRM ). In this way, the sub-
strate, the buffer layer, the active layer of MQW, and
the ambient air can be included. In our simulation,
the active MQW layer and the buffer layer (top and
bottom contact) are treated as a single layer (effective
medium approximation ) with an effective dielectric
function. The effective dielectric function can be writ-
ten as:

fo,’

1
’ —wuz + lyw (0

e(w) =¢, +
here w, is the plasma frequency defined by w, =

P
2
p.e
gegm”a

2
) , where a is well width, p, is two-dimen-

sional carrier density and £ is dielectric constant of the
well. g_ 1s average dielectric constant of the active
layer. fis oscillator strength of the inter-sub-band tran-
sition and vy is relaxation energy. Thus, the structure
we simulated before and after lift off is: air/QWIP/
GaAs substrate ( before ) and air/QWIP/air/Si sub-
strate (after). Here we assume that a very thin air lay-
er is between the QWIP and the new Si substrate. This

13

is a good approximation since “van der waals” bonding
is not very tight. On the other hand, dust particles that
have been trapped between the film and the Si sub-
strate appear to raise tiny tent-like structures under the
thin film and also make the bonding not very tight ).
Our work is carried out in a normal laboratory environ-
ment rather than special clean room surroundings.

The simulated resonant absorbance o( A) of the
two different structures are calculated out as shown in
Figd (a) and (b). Parameters in our simulation are:
dgwr =5pum (thickness of QWIP structure) , f=1, w,
=1140cm™" and y = 56cm ™" for the as-grown wafer
device, and dygp =5pm, f=0.8, w, =1170ecm ™', y
=67cm ™' and d,;, =0. 7um (thickness of the air be-
tween QWIP and Si) for the lifted-off-QWIP device.

From Fig.4 we can see that the line shape is very
different for the two different structures. The lifted-off-
QWIP device shows obvious resonant absorption and

gives multi-peaks behavior in similar to the photocur-
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Fig.4 The calculated absorption spectrum (a) The as-

grown-QWIP  (b) The lifted-off-QWIP
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rent spectrum. In the as-grown-QWIP structure, the
difference of dielectric function value between the ac-
tive layer and substrate is not so great. The reflection
at the interface of GaAs substrate and active layer is
rather small. Then the resonant absorption behavior is
not strong. However, in the lifted-off-QWIP structure,
the interface between active layer and air or Si will re-
sult in large reflection of light due to the large differ-
ence of the dielectric function value between active lay-
er and air or Si. So that one can observe an obvious
resonant absorption in the lifted-off-QWIP device.

Since the photocurrent response I( A) is propor-
tional to absorption @(A) and transmission coefficient
of electron from QW to contact layer, T,; (\), then
one has:

I(A) xa(d) xTg(A) . (2)

As a good approximation, T, (A) can be de-

, 1 .
scribed as: ——— =77, where A, is the cutoff wave-
e 14

1+
length, and o is 0. 2 obtained by fitting the as-grown
wafer device spectrum. Thus, the photocurrent spec-
trum can be easily calculated from Fig 4. The calculat-
ed curves are presented as solid lines in Fig 3. The
simulated photocurrent lines of the two devices are in

good agreement with their experiment data.

3 Conclusion

Epitaxial films of GaAs/AlGaAs multi-quantum
wells were obtained by ELO method and devices with
these films were fabricated and tested. The ELO meth-
od did not degrade the QWIP device performance. It
gives a high possibility to integrate the QWIP with other
photonic material. The resonant absorption has been

observed in the photocurrent spectrum of lifted-off-
QWIP device.
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