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Low dark current quantum-dot infrared photodetectors with an AlGaAs
current blocking layer

S. Y. Wanga)

Institute of Astronomy and Astrophysics, Academia Sinica, Taipei, Taiwan, Republic of China
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Low dark current InAs/GaAs quantum-dot infrared photodetectors~QDIPs! are demonstrated. The
dark current is reduced by over three orders of magnitude by using a thin AlGaAs current blocking
layer. This thin AlGaAs layer reduces the dark current much more than the response signal. The
responsivity at 0.5 V is 0.08 A/W with a peak detection wavelength at 6.5mm. The corresponding
detectivity is 2.53109 cm Hz1/2/W1/2, which is the highest detectivity reported for a QDIP at 77 K.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1347006#
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Quantum-well infrared photodetectors~QWIPs! utilizing
an intersubband transition have been extensively investig
over the last decade.1 The mature GaAs processing techno
ogy makes it possible to produce large QWIP arrays w
high yield.2 Although great potential has been show
QWIPs suffer from problems that are related to the nature
the quantum-well structures. The thermally induced d
current is large and the carrier lifetime is short. In additio
the normal incidence absorption is forbidden forn-type
QWs. These drawbacks keep the HgCdTe detectors f
having superior performance compared to QWIPs.3 How-
ever, replacing the quantum wells~QWs! with ideal quantum
dots ~QDs! can diminish the drawbacks of QWIPs. Defec
free quantum dots can be easily produced by molecu
beam epiatxy ~MBE! or metal–organic chemical-vapo
deposition techniques. The three-dimensional confinemen
the quantum-dot structure provides the possibility to s
press the electron–phonon interaction and relax the selec
rule of the intersubband transition in quantum-well stru
tures. Thus, quantum-dot infrared detectors~QDIPs! have
great potential as low dark current, high gain devices wit
normal incident response.

Recently, several QDIP results have been reported u
In~Ga!As/GaAs,4–6 InAs/InAlAs/InP,7 and InAs/InGaP/
GaAs ~Ref. 8! quantum-dot systems. However, most of t
QDIP results reported so far are disappointing, in spite of
great potential predicated theoretically. The dark curren
QDIPs is much higher than expected and is much higher t
that of QWIPs with the same doping density and cut
wavelength. For InAs/GaAs QDIPs, the dark current den
reported at 77 K is about 0.05 A/cm2 at 0.5 V for a ten-period
QD structure with 500 Å barriers.4–6 This value is over 100
times larger than that of the AlGaAs/GaAs QWIPs with ev
higher doping concentrations.1 The origin of the large dark
current has been attributed to the nonuniform dopant dis
bution and the background impurities in GaAs.7 Addition-
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ally, the spacing between dots provides a leakage path fo
carriers.

In order to reduce the dark current in this work, a th
AlGaAs barrier layer is introduced between the InAs QD
This AlGaAs layer, which fills the area between the dots b
leaves the top of the dots not covered, blocks the leak
current between the dots and thereby reduces the dark
rent.

The samples were grown by a Varian Gen II MBE sy
tem on ~100! GaAs semi-insulating substrates. The acti
region consisted of ten periods of InAs/GaAs QDs with 5
Å GaAs barriers. The active region is sandwiched by 6000
n-type contact layers. The nominal thickness of the InAs Q
is 2.6 ML. During the deposition of InAs, a 6 sinterruption
was added for every 0.2 ML of InAs deposition. The A
content in the AlGaAs layer was 20% and the layer w
grown after the growth of the InAs QDs. The structure
shown in Fig. 1. Due to the strain distribution, most of t
AlGaAs atoms accumulate in the area between the QDs
a result, the AlGaAs layer covers the region without QDs b
leaves the tips of the QDs uncovered. Two different samp
were fabricated, one with~sample A! and one without
~sample B! a 30 Å AlGaAs layer. The InAs QDs were mea
sured by atomic force microscope. The typical lateral size
the QDs is about 30 nm and height is about 7 nm. T
density is about 131010cm22. The 8 K photoluminescence
~PL! spectrum shows an emission peak width around

FIG. 1. Schematic diagram of a QDIP with an AlGaAs current blocki
layer.
3 © 2001 American Institute of Physics
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meV indicating good uniformity of the QDs. Similar P
spectra were obtained for both samples. This shows tha
energy levels of the QDs are not altered by the thin AlGa
layers. The sheet doping concentration used for the sam
is 231010cm22, which gives approximately two electrons
each QD. Standard processing techniques were used to
fine the mesas and to make Ohmic contacts. A 45° facet
then polished for light entrance and the following optic
measurements.

Figure 2 shows the 77 K dark current of the samples
all the measurements, the bottom contact is referenced a
ground. As expected, the dark current of sample B is lar
which is of the same order as has been reported. For sa
A, the dark current is about 1000 times lower than sample
This results clearly shows the carrier blocking effect of t
AlGaAs layer between the quantum dots. We also notice
the dark current versus voltage curve is not symmetric for
sample with the AlGaAs layer. The dark current is lower
forward bias. The carriers in the dots have to overcome
AlGaAs barrier to get out when the device is forward bias
but only see the GaAs barrier when the device is rever
biased.

The response spectrum of devices is then measured
Fourier transform infrared spectrometer. A similar spectr
with a peak at 6.5mm is obtained for both samples. Th
result shows that the thin AlGaAs layer does not affect
positions of the energy levels of the QDs. The full width
half maximum of the spectrum is less than 1mm, indicating
that the absorption is due to bound-to-bound~BB! transi-
tions. The narrow spectrum also shows the high uniform
of the quantum dots. The BB transition is further confirm
by the responsivity curves. This result implies that the
ergy states of the QDs are mainly determined by
z-direction confinement. The increase of the barrier confi
ment in the lateral direction has little effect on the transiti
energy. This explains why the observed normal incide
response is still low compared with that of the light havi
an electric field polarized perpendicular to the quant
wells. We believe the normal incident absorption cont
versy between different research groups3–5 comes from the

FIG. 2. 77 K dark current of the QDIPs with~sample A! and without
~sample B! the AlGaAs current blocking layer.
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different QD shapes and sizes. These differences can ind
different wave-function distributions corresponding to t
energy states. Different transition properties can thus be
served.

The added AlGaAs layer can also affect the transp
property of the carriers; the photocurrent can also suffer. T
photoresponse was measured in a close-cycle cryostate.
responsivity versus voltage curves of the samples are sh
in Fig. 3. The insertion of the AlGaAs layer decreases
responsivity. The effect is especially strong when the dev
is forward biased. Although the QDs are not fully covered
the AlGaAs layer, the photoexcited carriers still feel a high
effective barrier under forward bias. The tunneling probab
ity decreases as the barrier thickness. In order to see
effect of transport properties on the performance of QDI
we have calculated the gain from the measured noise cur
Figure 4 shows the results. The gain for the sample with
the AlGaAs barrier layer is large, as expected, indicating
excellent transport property. The large gain at high volta
also shows the possible impact ionization process. The g

FIG. 3. Responsivity vs voltage curves for sample with~sample A! and
without ~sample B! the AlGaAs current blocking layer.

FIG. 4. Gain at different voltages for sample with~sample A! and without
~sample B! the AlGaAs current blocking layer.
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of the sample with the AlGaAs layer is lower~by about the
same amount as the responsivity compared with the sam
without AlGaAs!, but is still high compared to the AlGaAs
GaAs QWIPs. The gain saturates at a value of 1.5 at 0.4
20.2 V. As the voltage increases, the gain increases ag
This indicates that the avalanche multiplication can ex
with the thin AlGaAs blocking layer. It should be noted th
the gain difference between samples A and B becomes la
as the voltage increases. When the bias is high, the tunne
current dominates the dark current. The low-energy carr
tunneling through the barrier will be blocked by the AlGaA
layer. Thus, the gain decreases more at higher voltages

Typically, the doping concentration for the QDIPs is 2
times lower than that of conventional QWIPs (2 –
31011cm22). If the same order of responsivity is neede
the gain of the QDIPs has to be at least ten times higher. T
is exactly the case for sample A. The detectivity at 77 K
sample A is about one order of magnitude higher th
sample B. The detectivity at 0.5 V is 2.53109

cm Hz1/2/W1/2. This is the highest detectivity reported for
QDIP at 77 K.

In conclusion, we have demonstrated a low dark curr
InAs/GaAs QDIP using an AlGaAs current blocking laye
The current blocking layer can decrease both the dark cur
and the photocurrent. It is shown that using a 30
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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Al0.2Ga0.8As layer, the dark current can be lowered by mo
than 1000 times while the high responsivity and gain are s
obtained. The detectivity is greatly enhanced. Further o
mization of the AlGaAs layer is expected to improve t
device performance even more.

The authors would like to thank Professor C. H. Ku
and M. C. Hsu of the National Taiwan University for th
noise measurements. The work was supported by the
tional Science Council under Contract No. NSC89-221
E009-013.

1B. F. Levine, J. Appl. Phys.74, R1 ~1993!.
2S. D. Gunapala, S. V. Bandara, A. Singh, J. K. Liu, Sir B. Rafol, E.
Luong, J. M. Mumolo, N. Q. Tran, Z. Y. Ting, J. D. Vincent, C. A. Shot
J. Long, and P. D. LeVan, IEEE Trans. Electron Devices47, 963 ~2000!.

3M. A. Kinch, J. Electron. Mater.29, 809 ~2000!.
4D. Pan, E. Towe, and S. Kennerly, Appl. Phys. Lett.75, 2719~1999!.
5J. Phillips, P. Bhattacharya, S. W. Kennerly, D. W. Beekman, and
Dutta, IEEE J. Quantum Electron.35, 936 ~1999!.

6S. J. Xu, S. J. Chua, T. Mei, X. C. Wang, X. H. Zhang, G. Karunasiri,
J. Fan, C. H. Wang, J. Jiang, S. Wang, and X. G. Xie, Appl. Phys. L
73, 3153~1998!.

7E. Finkman, S. Maimon, V. Immer, G. Bahir, S. E. Schacham,
Gauthier-Lafaye, S. Herriot, F. H. Julien, M. Gendry, and J. Brau
Physica E~Amsterdam! 7, 139 ~2000!.

8S. Kim, H. Mohseni, M. Erdtmann, E. Michel, C. Jelen, and M. Razeg
Appl. Phys. Lett.73, 963 ~1998!.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

1 May 2014 07:18:25


