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A prototype photon detector based on interband transition of quantum wells
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Abstract: Recently, a high localized carrier extraction efficiency and increasing of absorption coefficient was ob-
served in low-dimensional semiconductors within a PN junction. Such phenomenon provides the possibility of fabri-
cating novel high performance quantum well interband transition detector. In this work, we report the performance
of the first photon detector based on the interband transition of strained InGaAs/GaAs quantum wells. The external
quantum efficiency of the device was measured to be 31% using an absorption layer with only 100nm effective
thickness and without an anti-reflection layer. Using such high value of quantum efficiency, an absorption coeffi-
cient of 3.7 x 10* cm™ is calculated, which is obviously larger than previously reported values. The results here

demonstrate the possibility of fabricating high performance and low cost infrared photon detectors.
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Introduction

The working wavelength and dark current are two
important figures of merits for photo detectors. Unfortu-
nately, they are difficult to balance during the design of
devices, especially for the ones working at infrared spec-
trum!"?’. The working wavelength of a detector is decid-
ed by the bandgap of the material used in the absorption
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region. To detect an infrared photon, the bandgap of ab-
sorption layer should be narrow. However, higher ther-
mal generation rate of narrow band gap material used in
the infrared detection makes the dark current of detector
larger than the visible light detector, such as HgCdTe,
InSb, and InAs/GaSh type I superlattice'*®'. Even
worse, photodiodes with working wavelength longer than
3 pm often works at low temperature to maintain a good
signal to noise ratio”"*'. The cooling system not only in-
creases the cost, but also deteriorates other system per-
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formance, such as the life time, size and weight'"”".

Semiconductor quantum wells (QWs) are good can-
didate to provide both longer absorption wavelength and
lower dark current. Infrared detector based on inter-sub-
band transition in QWs, so called quantum well infrared
detector (QWIP) , was intensively studied over past dec-
ades''*"®'. However, the operating temperature of QWIP
is still low due to the lower quantum efficiency and the
bounded state to quasi-continuum state working
mode'”? . The use of interband transition of QWs could
lead to a higher performance. As shown in Fig. 1, a
much lower noise level can be anticipated when most of
the device is composed with wide band gap barrier mate-
rial. The light absorption can be realized using narrow
bandgap QW absorption layer. In such structure, the a-
mount of thermal generated carriers can be largely sup-
pressed due to the thinner narrow gap material layers
than the conventional ones.

The problems of this strategy are obvious. Firstly,
photon generated carriers can only enter the continuum
state through thermionic emission and thermal assisted
tunneling'” ', So the external quantum efficiency
(EQE) could be low in those devices. Secondly, for
most direct band gap semiconductor material , the absorp-
tion coefficient is around 10° ¢cm™ near its bandgap'**’.
That requires an absorption thickness of several microme-
ters. For indirect band gap material, like Si, this value
goes several tens of micrometers'”’. However, only fi-
nite epitaxy thickness of mismatch layer can be grown to
avoid the misfit defects, typically in the nanometer
range' ' The misfit defects considerably deteriorate
the device performances.

Recently, a high efficient optical generated carrier
escape phenomenon of localized carriers within a PN
junction was observed'”’. The carrier extraction ability
of quantum dots ( QDs) within a PN junction can reach
as high as 88% . An obvious increase in absorption coef-
ficient in the QDs within a PN junction was also noted,
although the mechanism behind such phenomenon is still
under study. The abnormal high carrier extraction effi-
ciency of localized carrier and increasing in absorption
coefficient perfectly solute the above mentioned two ob-
stacles for the application of interband transition of QWs
into photon detectors. Such results provide the possibility
to fabricate new high performance photo detectors based
on interband transition of low dimensional hetero struc-
tures.

In this work, we report the first prototype photon de-
tector based on interband transition of InGaAs/GaAs
QWs. With PN junction modulated absorption coefficient
and carrier extraction from QWs, EQE up to 31% was ob-
tained using only 20 periods of 5 nm InGaAs QWs without
antireflection coating layers. The absorption coefficient
calculated reaches as high as 3.7 x 10* em™ , around one
order of magnitude higher than that in the conventional
structure. Room temperature detectivity of the device rea-

ches as high as D* = 1.43 x10" ¢m /HZ/W.
1 Experimental

1.1 Material epitaxy

20-layer InGaAs/GaAs QW structures were grown
by a solid-source VG-80H molecular beam epitaxy system
on semi-insulating GaAs (001) substrates. Ten QW lay-
ers with deposition thicknesses of Snm were embedded in
the middle of a 50-nm-thick intrinsic GaAs barrier layer.
After the deposition of the GaAs buffer and GaAs n* e-
mitter, the rotated substrate temperature was reduced
from 580°C to 480°C and maintained at 480°C until the
end of the growth. The Si doping concertation of the n e-
lectrodes was N, =3 x 10" em”, and the Si doping con-
certation of the field damping layer inserted into the

structure was N, =6 x 10" ¢m™. The Be doping concen-

tration of the p electrodes was N, =3 x 10" ¢m™, and

the Be doping concentration of the field damping layer in-

serted into the structure was N, =3 x 10" em™.

1.2 Device fabrication

The samples were fabricated by patterning the sam-
ple using photolithography and wet etching to achieve
mesa isolation and expose the n-GaAs buffer. The mesa
area was 1 mm’. The electrodes of Ti/Au (20/100 nm)
were deposited onto the p-GaAs in sequence by electron-
beam evaporation. Then, 15/101/26/26/100-nm-thick
Ni/Au/Ge/Ni/ Au layers were deposited onto the n-GaAs
for an n-ohmic contact. A wire bonding system was im-
plemented with Si/Al wire on the electrodes.

1.3 PL ( photo luminescence), PC ( photo cur-
rent) and external quantum efficiency (EQE) tests

The hypothermia photoluminescence intensities of
the samples were measured with devices mounted in a
closed-loop He-gas cryostat to maintain a stable tempera-
ture of 150 K. To achieve non-resonant excitation of the
electrons in InGaAs QWs, a 905 nm semiconductor laser
diode was used. The laser incident angle was ~30°. A
beam chopper with a frequency of 1000 Hz was set up
behind the laser. A condenser lens was placed in front of
the cryostat to converge the spot. A neutral optical
attenuator was used to adjust the excitation power. The
PL signal normal to the sample was modulated by a tri-
ple-grating 50-cm monochromator prior to the analog
lock-in amplifier ( Stanford Research Systems model
830) and then detected by an InGaAs detector.

Since a laser was used to measure the EQE of the
devices, EQE can be easily calculated based on the ratio
of the photon number of testing laser with certain power
and electron numbers of corresponding photo current.

The electrical properties of the devices were meas-
ured using Keithley 4200-scs semiconductor characteriza-
tion system.

2 Results and discussion

The basic structure of our material is shown in Fig.
1(a). The optical property of this detector was evaluated
using PL measurement, and the results are shown in Fig.
1(b). Due to the Stokes shift, PL may not clearly reveal
the absorption peak of the QWs'****/. So photocurrent
(PC) spectrum measurements on the QW sample were
conducted, and the result is also shown in Fig. 1 (b).
The main PL peak located at 956 nm, and the shoulder
peak at 869 nm was attributed to the bulk GaAs. For the
PC spectrum, a shoulder peak located at long wavelength
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Fig.1 (a) Schematic drawing of the working principle of
the interband transition QW photon detector, (b) PL and
PC spectra of InGaAs/GaAs QW photodiode measured at
room temperature. PC spectrum of bulk GaAs photodiode
was also shown as a reference curve
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side of the GaAs absorption band was observed which was
attributed to the InGaAs QW. A clear blueshift (from
956 nm to 896 nm) of the PC peak comparing with the
PL peaks due to the Stokes shift was observed. In order
to eliminate the PC contribution from bulk GaAs, another
PC curve of bulk GaAs PIN diode was also shown in Fig.
1(b). At905 nm, PC value of GaAs bulk is only 4% of
its peak value.

Due to the PL peak of the device located near to the
test laser peak (905 nm), clear localized carrier escape
phenomenon cannot be observed under resonant excita-
tion PL experiment. In Fig.2 (a), we show a reference
sample with similar structure compared with our device
but higher In composition in the InGaAs QWs. Under
905 nm illumination, carriers can only be excited in In-
GaAs QWs. A variable resistor was connected to the cir-
cuit to adjust the current. A clear decrease of PL intensi-
ty with increasing current was observed. 81.4% PL in-
tensity quenched from open circuit to short circuit condi-
tion.

In order to confirm that the localized photo excited
carriers does form the current, the responsibility test of
the detector was carried out using a 905 nm laser. Figure

2 (b) shows the I-V curves of the detector measured un-
der illuminance and dark condition. The photovoltaic
effect can be clearly seen. Such experimental results
confirmed the high efficient photon excited carrier extrac-
tion from QWs into the continuum states.

Fig.2 (a) PL spectra of InGaAs/GaAs QWs measured
under different circuit current, (b) Current-bias curves of
InGaAs/GaAs QW photo diode measured under 905 nm il-
lumination and dark condition
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The photon generated current saturated at around
-0.7 V which suggests the depletion region covers the
QW thickness at this bias. At -1 V, the dark current
density was measured to be 1.34 x 10* A/cm’. Although
no passivation layer was coated, this value is still higher
than our expectation since our device is based on GaAs
substrate. To check the origin of the dark current, anoth-
er detector with 10 periods of InGaAs QWs was fabrica-
ted. The dark current decreased to 5.31 x 10° A/cm’.
Such result confirmed main dark current component was
relevant to the strain relaxation induced defects. So pos-
sible higher performance could be anticipated when the
material system changed to InGaAs/InP or InGaAs/InA-
1As/InP QW with zero lattice mismatch'*"***/

Because the absorption thickness was reduced to on-
ly 100 nm in the device, much shorter than the conven-
tional 1 ~ 3. S5pum thickness, the dynamic range of the
detector might change due to the band filling effect'*’.
The EQE was measured at different incident light power,
and the results are shown in Fig. 3. No EQE loss was
observed for light power up to 5 W/cm®, which was lim-
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Fig.3 The dependencies of (a) the current-bias curve
and (b) the quantum efficiency of the InGaAs/GaAs
quantum well photodiode on the illumination power
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ited by our laser power. This value is far from enough for
most application, such as fiber communication.

At low bias range, EQE reduces with increasing
power, but stays constant once the bias is higher than
0.7 V. Such phenomenon can be explained by the large
absorption coefficient of the QWs. At low bias range,
when the incident power is relative low, most of the pho-
tons are absorbed by the first few QWs which located
within the depletion region. Nevertheless, if the incident
power gets higher, those QWs absorption is saturated.
QWs located outside of the depletion region can neither
provide enough free carriers nor efficiently provide elec-
trical field to extract the free carriers. High EQE can on-

ly be realized by larger reverse bias. Such assumption
can be verified by the around 0.7 V saturated bias in
Figs. 2 ~3.

EQEs were calculated to be around 27% at -1 V
and 31% at -2 V. Those values are quite high consider-
ing only 100 nm absorption thickness was used and no
anti-reflection coating was deposited. Actually, around
40% light power reflection was measured with our de-
vice. Considering that the dynamic range of our detector
is high enough for most application, much higher per-
formance can be anticipated when the anti-reflection
coating is used.

The absorption coefficient was calculated to be 3. 1
x10* em™ and 3.7 x10* ecm™ at -1 V and -2 V, respec-
tively, according to Eq. (1),

n=1-e" , (1)
where 7 is the EQE, « is the absorption coefficient and ¢
is the absorption thickness. Those values are largely un-
derestimated since the absorption coefficient is calculated
through EQE. Surface reflection is neglected and the ex-
traction efficiency of carriers from PN junction depletion
region to external circuit is treated as 100%. Even
through, such values is considerably larger than the val-
ues measured using transmission experiments'>*). The
absorption coefficient varies with bias. Thus even larger
value can be anticipated under optimized PN junction pa-
rameters and device fabrication process. In Table 1, we
compared the absorption coefficient of our device with
other PIN diodes consisting of vary materials working at
different wavelength. A dramatic increasing of the ab-
sorption coefficient in the interband transition QW PIN
diode can be seen. The 3.7 x10* cm™ value is one order
of magnitude higher than the common PIN diodes and e-
ven a little bit higher than the devices with distributed
Brag reflectors or resonant cavity structures.

The increased absorption coefficient can be under-
stood as follows. The absorption coefficient of direct tran-
sition in the semiconductor can be written as the form in

Eq. (2).

a(A) = | <0l gl 0,n>|*S,(E) , (2)

where A is the wavelength of incident light, S, is the
density of state of 10,n > per unit energy range near en-
ergy £, and c is the speed of light. Near the bandgap),
the filling state of S, can largely influence the absorption

2mA
c

coefficient. Under common transmission measurement
configuration, only recombination can consume the photo
excited carriers. However, when the absorption coeffi-

Table 1 Absorption coefficient of PIN diodes working at different wavelength

F1 AREIEEKH PIN ZHENRIKRE

Ref Absorption layer thickness/pm Wavelength/ pm Absorption material EQE Absorption coefficient/cm =
37 0.65 0.85 Bulk GaAs 50% (90% with DBR) 1.1x10%(3.5 x 10%)
38 1.5 1.19 Bulk InGaAsP 48% 4.4x10°
39 ~0.524 5.4 InAs/GaSh super lattice 17% 3.6 x103
40 2 3.7 InAsSh 24% 1.4x10°
41 1.5 2.23 InGaAs/GaAsSh type I QW 43% (200K, ) 3.7x103
42 0.4676 1.55 Bulk TnGaAs 80% (Resonant cavity enhanced) 3.4 x10*
Our work 0.1 0.905 InGaAs QW 31% 3.7x10*
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cient is deduced from the converting efficiency, both re-
combination and circuit current empty the energy band.
Such effect would obviously increase the absorption coef-
ficient. So, in Table 1, the calculated lower absorption
coefficient among the literature may be resulted by the
thicker absorption layer thickness. Such assumption con-
sists with the large absorption coefficient value measured
through EQE in GaAs/AlGaAs QWs'*'.

So, if the absorption coefficient is relevant to the
circuit current, it is no longer a material intrinsic param-
eter. Considering no anti-reflection layer was coated and
there is still room for the material and device fabrication
optimizations, absorption coefficient value higher than
10° em™ can be anticipated. This would require an ab-
sorption thickness less than 100 nm. Such an epitaxy
thickness would facilitate many large mismatch material
systems.

As indicated by Antoni Rogalski, the ratio of ab-
sorption coefficient to the thermal generation rate a/G,, is
the fundamental figure of merit of any material for infra-
red photodetectors, which directly determines the detec-
tivity limits of the devices'®!. The large absorption coeffi-
cient and lower thermal generation rate provided by the
massive using of wide bandgap material not only provide
a cost-effective method to fabricate photon detectors, but
also are important to fabricated novel light-to-electricity
converting devices, like solar cell.

Detectivity is another important figure of merit of the
photon detectors. The Johnson noise, which limits D" of
our interband transition QW detector, is calculated by
the following relation,

D:k — W(CA/IJ)

= N6
in which 7 is the quantum efficiency, A is the effective
area of our device, h is the Planck constant, v is the fre-
quency of the incident photon, and I, represents the dark
current. The calculated bias dependence of D* is shown
in Fig. 4. The peak detectivity is D™ =1.43 x 10" c¢m/
W at zero bias when using the 905 nm laser with no an-
tireflection layers and passivation layers.

Fig. 4 Room temperature detectivity of the InGaAs/
GaAs photodiode measured at different bias
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InGaAs/GaAs QW material system was chosen be-

cause the mature epitaxy and device fabrication process.
Although the detector demonstrates a cut-off wavelength
of 896 nm, the prototype photon diode presented in this
work demonstrates a prospective strategy for the design
and fabrication of novel infrared detectors with high per-
formance. For one example, the replacement of InGaAs/
InAlAs or InGaAs/InP QW to the bulk InGaAs/InP
based 1.3 ~1.55 pum detector may bring about a lower
dark current, shorter carrier drifting time and lower cost.
For another example, the operating temperature for InSh
or HgCdTe based 3 ~5 pm detectors is typically 77 K or
60 K. The use of InGaSh/GaSh or InAsSb/GaSbh QWs
interband transition detector may dramatically increase
the operating temperature through reducing the dark cur-
rent.

3 Conclusion

In summary, the performance of a prototype photon
detector based on interband transition of InGaAs/GaAs
QW was reported. EQE reaches as high as 27% and
31% at -1 V and -2 V, respectively, with no anti-reflec-
tion layer coated. The calculated absorption coefficient
reaches 3. 7 x 10* em™ which is obviously higher than
previously reported values. Such result demonstrates the
possibility to fabricate novel high performance photon de-
tectors based on interband transition of QW.
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