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Abstract
Metal-oxide-semiconductor tunneling diodes can be used as photodetectors at the inversion bias. To increase the responsivity, y-doping is
used in the quantum dot infrared photodetectors (QDIPs) and quantum well infrared detectors (QWIPs). The peak responsivity of the quantum
dot and quantum well infrared photodetector at 15 K is found to be 0.03 mA/W and 1.3 mA/W, respectively, at a gate voltage of 1 V. The
higher responsivity of the QWIP is probably due to the continuous two-dimensional density of states and smaller transition energy as compared
to the QDIP. The QD photoresponse in the peak wavelength range 3.5 – 5 Am can be measured up to 100 K, while that for QW 3 – 7 Am can
only be detected up to 60 K. A higher dark current due to the lower transition energy in the QWIP limits its operating temperature as compared
to the QDIP.
D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

2. D-doped quantum dot infrared photodetector

Advanced Si-heterostructure technology can increase the
functionality of Si chips with potential applications in
optoelectronic devices [1 – 4]. An ultra-thin insulator in
metal – insulator – semiconductor (MIS) structure allows a
significant tunneling gate current, which can be used in the
photodetectors. Note that a large gate current is not desired in
ultra-large scale integration circuit applications.
Mid- and long-wavelength quantum dot/well infrared
photodetectors using intraband transitions are attractive in the
military, medical, astronomical and other applications [5]. Due
to the requirement of a precise control of heterojunction
abruptness, most quantum dot/well infrared photodetectors
(QDIPs/QWIPs) are grown by Molecular Beam Epitaxy
(MBE). In this paper, we have successfully fabricated QDIPs/
QWIPs with good performances by Ultrahigh Vacuum Chemical Vapor Deposition (UHVCVD). Schematic structure is
shown in Fig. 1.

A MOS structure at the inversion bias can significantly
reduce the dark current due to the tunneling oxide. Fig. 2 shows
that a 5-period of Ge/Si quantum dot infrared photodetector
(QDIP) in metal-semiconductor (MS) structure has larger dark
current than that in metal-oxide-semiconductor (MOS) structure
without y-doping introduced. The hole excited by an infrared
exposure in Ge/Si quantum dots (quantum wells) can transport
into the back electrode by relaxation in the p-type semiconductor
(the inset of Fig. 3). The y-doping in the quantum dots (quantum
wells) can increase the responsivity due to the increase of hole
concentration inside the dots (wells). The valence band offset
between Si and Ge (SiGe) forms discrete quantum states in the
Ge quantum dots and two-dimensional density of state in the
Si0.7Ge0.3 quantum wells [6]. The hole transition energy is
determined by the band structure of the quantum dots (quantum
wells).
A 20-period Ge/Si quantum dots (QDs) with 3 nm wetting
layer grown by UHVCVD was fabricated into MOS tunneling
diodes [7] with a low-temperature (50 -C) liquid phase
deposition (LPD) oxide (Fig. 1) [8]. A boron concentration
of 1019 cm 3 was introduced during the growth of Ge quantum
dots. Boron incorporation occurred only for the middle onetenth of deposition time of the Ge layer. Ge quantum dot layers
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Fig. 1. The structure of MOS Ge/Si QDIP. Twenty-layer Ge quantum dots with
y-doping were prepared by UHVCVD. The inset shows the TEM photograph of
the quantum dot structure. The Si spacer is 80 nm in thickness.

were separated by 80 nm Si spacer layer. The cross-sectional
TEM photograph of the QD structure is shown in the inset of
Fig. 1. Al was deposited on the oxide to form the gate electrode
with an area of 3  10 2 cm2.
When the Si spacer is smaller than the correlation length,
the grown Ge QDs can be self-assembled in a row vertically
[9]. However, in this study, the Si spacer is 80 nm thick,
which is too high to have the strain field coupling between
quantum dot layers. The Ge dot is not necessarily aligned
vertically in a row in our samples, as indicated in the TEM
micrograph in Fig. 1.
Fig. 3 shows the I –V characteristics of the NMOS QDIP
at different temperatures. At inversion bias, one component of
the dark current of MOS tunneling diode is dominated by the
thermal generation of electron – hole pairs from the valence to
the conduction band through the defects in the depletion
region and at the Si/SiO2 interface (the inset of Fig. 3).
Thermally generated electron – hole pairs reduce as the
operating temperature decreases. The other component of
the dark current arises from the holes thermally excited from
the quantum dots to the valence band edge (the inset of Fig.

Fig. 3. Dark current of a MOS Ge/Si QDIP at different temperatures. The inset
shows the band diagram of a NMOS Ge/Si QDIP at inversion bias. The
confined holes can be excited under infrared exposures.

3). The dark current at the inversion bias decreases as the
operating temperature reduces. At accumulation bias, the
electron tunnels from the Al gate to the p-Si, and the
accumulated holes at oxide/Si interface also tunnel to the Al
gate electrode. Both tunneling mechanisms are related to the
trap-assisted tunneling (Frenkel-Poole), and decrease with the
lowering of temperature.
Under infrared exposures at an inversion bias, the confined
holes can be excited and contribute to photocurrent. The
spectral response is measured by Fourier transform infrared
(FTIR) spectrometer (Perkin-Elmer Spectrum 2000) coupled
with a cryostat [APD cryogenics] and a SR570 current
preamplifier. The incident light is unpolarized and the devices
are under normal incidence detection mode.
At 15 K, a broad 3.5– 5 Am peak, originated from the
intraband transition in the quantum dot, is observed at gate
voltages of zero and 1 V with a peak responsivity of 0.03 mA/
W at 1 V (Fig. 4). This intraband transition at 3.5– 5 Am is
different from the transition (3 –10 Am) in the undoped devices,
probably due to another intraband transition resulting from
more holes at higher energy level. At 20 K, the responsivity of
undoped-QDIPs is 0.004 mA/W at 6.6-Am peak [10]. The ydoping is expected to contribute hole concentration in the
doped devices. The dark current at 80 K for the y-doped device
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Fig. 2. Comparison of dark current between MOS and MS structures.
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Fig. 4. Spectral response of a QD device at different gate voltages.
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Fig. 5. The detectivity of the 3.5 – 5 Am peak vs. temperature at a gate voltage
of 1 V for the QDIP.

is ¨ 10 9 A, which is 10 times larger than that of undoped
QDIPs, because more holes can be thermally excited from the
doped quantum dots. The operating temperature is also reduced
due to the larger dark current. There is a trade-off between the
operating temperature and responsivity.
The normalized detectivity D* is defined as:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ADf
ADf
ð1Þ
¼
D4 ¼
NEP
in =R
where A is the detector area (3  10 2 cm2), Df is the
equivalent bandwidth of the electronic system. The noise
equivalent power (NEP) is defined as i n / R, where i n is the
current noise and R is the responsivity. The current noise is
limited by the dark current and can be approximated as the shot
noise (2eI dDf)1/2, where I d is the measured dark current.
Therefore, D* can be simplified to
pﬃﬃﬃ
AR
D4 ¼ pﬃﬃﬃﬃﬃﬃﬃﬃ :
ð2Þ
2eId
Fig. 5 shows the detectivity at different temperatures at 1 V
bias. The peak detectivity is found to be 109 cm-Hz1/2/W for
the 3.5 – 5 Am peak. The detectivity decreases with the increase
of operating temperature due to the rise of the dark current. For

Fig. 7. Dark current of MOS QWIP devices as a function of operating
temperature.

comparison, the detectivity of III – V based-ODIP (InGaAs/
AlGaAs quantum well on GaAs substrates) is 4  1010 cm-Hz1/
2
/W for 4.5 Am peak at 95 K [11].
3. D-Doped quantum well infrared photodetector
The y-doping was also introduced in the MOS Si0.7Ge0.3
quantum well infrared photodetector (QWIP). The structure is
similar to the QD device, but the QDs are replaced by 5 layers
of 7-nm-thick Si0.7Ge0.3 QWs with 80 nm spacers (Fig. 6).
Boron with the concentration of 1018 cm 3 was introduced
during the growth of Si0.7Ge0.3 quantum wells and the same
incorporation time with the y-doped QDIP mentioned above.
The TEM photograph of the QW structure is shown in the inset
of Fig. 6.
In comparison, the dark current of the y-doped QW device
(Fig. 7) is larger than that of the y-doped QD device at low
temperatures. Due to the smaller confinement energy for holes
in SiGe QW, holes can be easily thermally excited and
contribute to the dark current. The continuum of the twodimensional density of states in quantum wells also assists the
thermal excitation of holes out of the quantum well, as
compared to the discrete energy states in quantum dots.
The spectral response of y-doped QWIP at 15K for
different gate voltages is shown in Fig. 8. Due to the smaller
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Fig. 6. The structure of the MOS Si0.7Ge0.3 QWIP. The inset shows the TEM
photograph of the quantum well structure.

Fig. 8. Spectral response of a QW device at different gate voltages. For V G = 1
V, the peak responsivity at 15 K is 1.3 mA/W.
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At 15 K, the peak 3.5– 5 Am responsivity is 0.03 mA/W at 1 V,
and the operating temperature of the device is up to 100 K. A
higher peak responsivity is observed for the y-doped QWIP
with the highest value reaching 1.3 mA/W at 1 V. The
absorption region for the devices is 3 to 7 Am. However, due to
larger dark current, the operating temperature of the QW device
is only up to 60 K.
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Fig. 9. The detectivity of the 3 – 7 Am peak vs. temperature at V G = 1 V for the
QWIP. The response becomes weak beyond 60 K.
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confinement energy of the SiGe QW device, the absorption
wavelength shifts to longer wavelength (3– 7 Am). For V G = 1
V, the peak responsivity at 15 K is 1.3 mA/W. The SiGe ydoped QW detector has larger responsivity than that of the ydoped QD detector. Photo-excited holes in the detectors may
be trapped by subsequent layers of quantum dots/quantum
wells. Trapped holes in the QW device are more easily
thermally excited due to a small transition energy. This may
lead to the larger responsivity as compared to the y-doped
QD device, but the exact origin is still under investigation.
The detectivity at different temperatures at 1 V bias is
plotted in Fig. 9. The peak detectivity is 5  108 cm-Hz1/2/W at
5.4 Am and decreases with increasing temperature. Due to the
larger dark current, the operating temperature of the QW device
is lower than that of the QD device.
4. Conclusion
MOS-based Ge/Si quantum dot/well photodetectors are
demonstrated by introducing y-doping using UHVCVD. For
QDIP, a peak in wavelength range 3.5 –5 Am, which originates
from the intraband transition in the quantum dot, is observed.
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