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Mid-infrared photodetectors were demonstrated by using molecular-beam epi-
taxy (MBE)-grown self-assembled Ge quantum dots (@Ds). The response wave-
length ranged from 2.2 pm to 3.1 pm and peaked at 2.8 pm. The peak response
wavelengths shifted to 2.9 pm and 3.5 pm after thermal annealing at 700°C
and 900°C for § min, respectively. Normal-incidence detection was confirmed,
and the mechanism of a Ge QD photodetector was discussed. Calculations
showed the key parameters determining response wavelength of the Ge QD
infrared photodetector, which agreed with experimental results.
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INTRODUCTION

The 3-5-um and 8-12-um wavelength ranges
are important windows for infrared detector applica-
tions because of low atmospheric loss in these
regions. Beeause of its proper bandgap energy, mer-
cury cadmium tellurium (HgCdTe) photodetectors
have heen developed for these wavelength ranges.!
On the other hand, intensive studies have been
carried out for photodetectors with I1I-V substrates,
such as Gads and InP, by exploiting quantum
wells (@Ws) or quantum dots (QDs), referred to as
guantum-well infrared photodetector (QWIP) and
gquantum-dot infrared photodetector (QDIP). There
are advantages of using QDs. For QWIFs, such as
AlGaAs/GaAs, using conduction intersubband tran-
sitions,?? normal-incidence absorption is forbidden
because of the intersubband transition selection
rule.* However, by using @Ds such as InAs or InGaAs
dots, as the absorption region, normal-incidence
response can be, in principle, obtained because of
the lateral quantum confinement.*” Furthermore,
lower photoconductive loss is anticipated because of
the reduced capture probability of photogenerated
carriers by the dots.? However, to integrate with a
Si integrated circuit monolithically, Si-based devices
are preferred. Because of the large discontinuity in
the SiGe/Si valance band, the intervalence subband
transitions of holes from the ground state of the
dots to the continuum states can be used for infrared
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detectors working in mid-infrared wavelength re-
gions.” The SiGe/Si photodetectors can be monolithi-
cally integrated on Si substrates with complementary
metal-oxide semiconductor (CMOS) readout circuits,
making low cost devices possible. After the observa-
tion of the intersubband transition in the Ge QDs,"
progress has been made on the fabrication of Ge QD
mid-infrared photodetectors.'’'? Absorption spectra
were measured for infrared photodetectors with lat-
eral and wvertical carrier transport. In this paper,
the experimental results of annealing Ge QD mid-
infrared photodetectors will be presented. The nor-
mal-incidence absorption mechanism is discussed.
Calculations show the peak-respomse wavelength
dependence for SiGe QDIPs, which can be used to
explain the anneal effects for the Ge dot mid-infrared
photodetector.

EXPERIMENTS AND RESULTS

The detector structure was grown at 540°C by
solid-source molecular-beam epitaxy (MBE) on a
double-side-polished Si (100) wafer with a boron
doping of 1 x 10'? em % The wafer was chemically
cleaned immediately before being introduced into
the MBE chamber. The active region consisted of
20 periods of boron-doped Ge @D layers separated
by 20-nm Si barriers. The Ge dots were grown under
the Stranski-Krastanov mode. The nominal Ge-
layer thickness was 1.5 nm. A transmission electron
microscopy (TEM) image showed that the sample
had Ge dots with an average of 9 nm in height and
an average of 100 nm in width. The doping density
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Fig. 1. Schematic drawing of a mesa-lype Ga dot photodetector,
The active layer consists 20 periods of beron-doped Ge QD layers
separated by 20-nm Si barriers.
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Fig. 2. The cumrent-voltage characteristics of the as-grown sample
measured al 77 K and 300 K.

for the Ge layers was about 6 » 10" ¢m ? The
active-dot superlattice region was embedded in two
Si intringic-spacer layers (100 nm) from the P* 5i
contact layers (200 nm). Mesa-type photo-detectors
were fabricated by standard photolithography.
E-beam evaporated Ti/Al films followed by 1-min
annealing at 450°C were used as contacts. Figure 1
shows the schematic drawing of the photodetector,
To achieve 3-5-um detection, a postgrowth thermal
process was used to tune the response wavelength.

Two samples were annealed at 700°C and 900°C in
nitrogen for 5 min.

The current-voltage characteristicea of the as-
grown sample at both 77 K and 300 K were shown
(Fig. 2) to be nearly symmetric for positive and neg-
ative biases, indicating that the p-1-p structure had
symmetric doping. A relatively large dark-current
density was due to high doping density in the QDs.'
Assuming that the doping density in the Ge dots is
the same as the Ge layer, it was estimated, from the
dimension of the QDs, that there were roughly 60
holes in each Ge dot. The large number of holes in a
dot is due to the high doping density and the large
Ge dots, especially in the lateral dimension.

Normal-incidence photocurrent spectra of the
sample were measured at 80 K using a lock-in am-
plifier through a sampling resistor (R = 1.5 M), As
shown in Fig. 3a, the intensity increased when the
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Fig. 3. Photoresponse spactra of as-grown and annealed samples. (a) Responsa spectra of the as-grown sample at B0 K wilh different biases.
The peak-pholoresponse wavelength occurred at 2.8 pm. (b) Response spectra of the as-grown sample, 700°C annealed sample, and S00°C
annealad sample at B0 K, showing a redshift for the peak photoraspense. The lower three curves were the measured spectra, and the upper
three curves wera the normalized spectra obtained by dividing the measured spectra with the atmospheric absomtion spectrum.
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bias voltage was inereased from 0.4 V to 3 V, which
was due to a more efficient collection of the photoin-
duced carriers at higher biases. The peak response
saturated with increasing bias because of relatively
small diode resistance at large bias. The response
peak of this sample occurred at around 2.8 pm, cor-
responding to 443 meV, i.e, the energy from the
ground state of the dots to the continuum states. For
the sample annealed at T00°C, the peak photore-
sponse shifted to 2.9 um; and for the 900°C annealed
sample, the peak shifted to around 3.5 um (Fig. 3b).
However, the photoresponse intensity was reduced
with annealing. In addition to these peaks, the pho-
tocurrent spectra of all these samples showed two
dips at 2.6 pm and 3.1 pm. These were due to the
absorption such as HyO and COyin the atmosphere.
The three upper curves showed the normalized spee-
tra by using measured spectra dividing the atmos-
pheric absorption spectrum.

DISCUSSION
Absorption coefficient o iz proportional to the
momentum matrix element Mir=<f+§-f’|i), where

1 and [ are the initial and final state wavefunctions,
P is the momentum operator, and & is the light polar-
ization direction, This indicates that the absorption
coefficient depends on light polarization. To obtain
normal-incidence absorption, the momentum matrix
element for normal incidence must not vanish, If the
QDs were sufficiently small, quantum confinement
in the lateral direction can contribute to normal-
incidence absorption. However, in many cases, i.e.,
gelf-assembled QDs, the @Ds are flat and are more
appropriately to be described as quasi-GWs or quan-
tum dises, and thus, quantum confinement in the
lateral direction is very weak and not sufficient to
contribute normal-incidence absorption. Therefore,
the normal-incidence photoresponse of the present
(Ge-dot photodetectors is not due to lateral quantum
confinement. For our detector, the intersubband
transitions occur in the valence band. The absorp-
tion mechanism in valence intersubbands is differ-
ent from that in conduction intersubbands because
of the p-like valence-band states. The heavy-hole
states, light-hole states, and split-off states near the
valence-band edge can be described as the following:

Onn = —%{M‘* iy T or gy, = %{:X} -iyp 4
| 3
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where z is the growth direction.
In our detector, HH1 heavy hole ground state
(is the ground state of Q@Ds). The matrix elements,

M,T=(¢lh|é-f’[¢hh> and Mjr=(:pm|é-f-|¢hh} do not

vanish for normal-incidence light. This means that
normal-incident light can excite a heavy hole to
light-hole transition or a heavy hole to split-off tran-
gition in this kind of Ge-dot intersubband photode-
tectors. To have photocurrent, photogenerated holes
need to be collected by contacts; only those holes ex-
cited to the final continuum states can be efficiently
collected to generate photocurrent, Otherwise, ther-
mal excitations or tunneling are needed for the carri-
ers to reach the continuum states and subsequently
be collected. Thus, the normal-incidence mechanism
for the present detector is due to the transition from
the ground heavy-hole state to the light-hole or split-
off continuum state. In this discussion, we assume
that strain present in the dots does not change the
selection rule. In reality, the characteristics of the
valence-band wave functions are probably mixed
from all the wvalence bands, and normal-incidence
transitions in the same band may be possible. A pre-
liminary quantitative analysis has been done, and
the results indicate that the band mixing has signifi-
cant contributions to normal-incidence detection.
It iz, however, interesting to note that absorption
measurements in a waveguide geometry seem to
ghow that the “*heavy hole” to “heavy hole” transition
in the case of strained SiGe and Si QWs still has the
transition rule of the same band, i.e., cos® 8.°
Usually, the more sophisticated eight-band k¥*p
model has been used for absorption calculation, but
here, we used a much simpler model because we only
discuss the dependence of peak-response wavelength,
We caleulated response-wavelength dependence on
dot parameters, i.e, Q@D height, width, Ge content
and strain. As discussed previously, the optical tran-
sitions are mainly from the HH1 to continuum states,
corresponding to the energy from the ground heavy-
hole state to the potential edge. To evaluate the
energy levels, a three-dimensional box, valence-band,
finite-potential well model with effective mass ap-
proximation was used. Because QDs are partially

relaxed,’® the strain ratio —£det” 38 is ysed to
8gige ~Hsi
describe the percentage of strain in QDs. Effective
masses of SiGe dots at different Ge contents were
1 X 1-x
e A=
Mgig, Mg Mg

S8iGe alloy materials, the changes of effective mass
caused by strain was considered by using a two-
band k*p method. Using the fully strained and full
relaxed SiGe on Si-substrate band-offset data'” and
the strain ratio concept, the valence-band offset en-
ergies of partially strained 5i,_,Ge, layers on (100)
Si substrate were oblained.

. Far

obtained by Vegard’s law



Mormal-Incidence Mid-Infrared Ge Quantum-Dot Photodetector 849

12

' Height=9nm __f"“"l[;:;'“
10 idth=

Width=100nm — " ¢

—a—  80%

8 —.— 100%

Response wavelength (um)
o

4t
2_

- (a)

u L L N L 2 1 L [ N [ i i N [ N L.
01 02 03 04 05 056 0.7 08 09 1.0

X in 5i HGa!

3.1
0P, Si,,Ge,, QD QD width
N N strain ratio=0.8 —  150nm
E 29 3 - =  100nm
2 _ ) N 3 50nm
% 28l \ — - 25nm
z 27|
E L
E 26}
25}
- (b)
2.4 i L L L L :
N 4 5 6 7 8 :

QD height (nm)

Fig. 4. Calculaled peak-response wavelength. (a) Peak-response wavelength dependence on the Ge content and Ge QD sirain ratio for the Ge
Q0s 9 nm in height and 100 nm in base. (b) Dot-dimension dependence of peak response for Siy.Ge, ; QDs with a strain ratio of 0.8,

Figure 4a shows the calculated results of re-
sponse-wavelength dependences on Si;_,Ge, x con-
tent and strain ratio for SiGe dots 9 nm in height
and 100 nm in width. The calculations show that for
longer wavelength response, lower Ge content in QD
and smaller QD strain ratio are needed. These can
be understood physically because the lower Ge con-
tent and smaller QD strain ratio make the valence-
band offset smaller, so the transition energy from
the heavy-hole ground state to continuum states
becomes smaller, and hence, a longer response wave-
length is obtained. Figure 4b shows the results
of the response wavelength dependence on the QD
dimensions at a constant strain ratio of 0.8 for the
Sig2Gep s QD. For a smaller size of QD, the ground-
state energy is higher (far away from the well bot-
tom)} because of the greater gquantum-confinement
effect. The peak wavelength changes about 16% as
the dot height increases from 3 nm to 9 nm. Varying
width dimension changes response wavelength
slightly because of the relatively large width dimen-
zion compared to the height of the QDs.

As shown previously, the response of the as-grown
sample ranged from 2.2-3.1 pm, while for the 700°C
annealed one, the range shifted to 2.4-3.3 pm, and
for 900°C annealed one, the range shifted to 2.7-
4.1 pm. The annealing effect on response wavelength
can be explained from some of the results of previ-
ous experiments'®'? and calculations. One effect of
annealing is the interdiffusion of Ge and Si, i.e,, the
Ge content in the QD decreases as annealing tem-
perature and time increase. Another effect is that
heat treatment makes the QDs relax more, and the
strain ratio becomes smaller. Both effects lead to a
smaller valance-band offset, and the response shifts
to longer wavelength. The third effect is the QD be-
comes larger, and this will give shorter wavelength
response. However, the caleulations show that the
GD dimension has a relatively smaller effect on the

response wavelength for @Ds with a height of 9 nm
compared to the effects of Ge content and QD strain-
ratio parameters. [t should be pointed out that an
eight-band k*p caleculation seems to suggest that
smaller QDs of pyramid shape give rise to normal-
incidence absorption.®” It also shows that the nor-
mal-incidence absorption coefficient will decrease
when Ge content decreases.”® The reduced intensity
of the normal-incidence absorption caused by an-
nealing can be explained because of the reduced Ge
content and larger Ge dots.

For Si;._,Ge,, varying x composition and QD
strain ratio is effective to change response wave-
length. To obtain 3—5-um photoresponse, we should
have a lower Ge content in the dots, perhaps, by
growing Ge QDs at higher temperatures. However,
postgrowth thermal treatment (annealing) is an
alternative way to change the response wavelength
for intersubband transition photodetectors.

CONCLUSIONS

Normal-incidence response of the intersubband
transition for a self-assembled Ge-dot detector was
measured. The response ranged from 2.2 pm to 3.1 pm.
Annealing shifted the peak response range to a
longer wavelength, i.e., from 2.7 pm to 4.1 pm for the
900°C, 5-min annealed sample, and a peak responsze
wavelength at 3.5 pm was identified for this an-
nealed sample. The normal-incidence detection
mechanism for the Ge QD photodetector was due to
the transitions from the heavy-hole ground states to
the light-hole or the spilt-off continuum states. Re-
sponse-wavelength calculations gave the guides to
design the Ge QDIPs at a certain response wave-
length. Experimental results and calculations gave
further understandings of annealing effects and
showed that annealing is a convenient and effective
way to tune the response wavelength. This work
suggests that intersubband photodetectors using
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Ge QDs on a Si substrate have potential applications
for mid-infrared photodetectors.
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