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Abstract—A method has been devised for MBE fabrication of p—i—n photodiodesfor the spectral range of 1.3—
1.5 um, based on multilayer Ge/Si heterostructures with Ge quantum dots (QDs) on a Si substrate. The sheet
density of QDsis 1.2 x 10'? cm™, and their lateral size is ~8 nm. The lowest room-temperature dark current
reported hitherto for Ge/Si photodetectors is achieved (2 x 10° A/cm? at 1V reverse bias). A quantum effi-
ciency of 3% at 1.3 um wavelength is obtained. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The effortsin the design of quantum dot (QD) pho-
todetectors began only in the late 1990s, based mainly
on INAS/GaAs and Ge/Si heterostructures, and all of
them have been concentrated as yet on the production
of high-efficiency single elements. QD photodetectors
arein aposition to cover a significant section of the IR
range actual for multiple applications, from the near-IR
telecommunication wavelength range (1.3-1.5 um) to
the far-IR spectral range (20-200 pm).

An additional restriction of the carrier motion in the
structure plane and discrete energy spectrum of carriers
offers anumber of significant advantages of QD photo-
detectors over quantum well (QW) structures and bulk
layers[1]:

(i) optical transitions polarized in the photodetector
plane become allowed, which opens the possibility for
device operation at anormal incidence of light without
additional gratings or reflectors;

(i) oscillator strength (and, consequently, the light
absorption coefficient) for intraband and exciton transi-
tions is high owing to localization of the carrier wave
function along all three spatial coordinates,

(iii) the lifetime of photoexcited carriers is long
(>10 s) [2], with the result that the photoel ectric gain
ishigh owing to thelow capturerate of carriersinaQD.
The capturerate islow either because of the absence of
allowed energy states between the level in QD and the
band of delocalized states or because of the suppression
of carrier scattering on optical phonons under the con-
ditions when the energy spacing between the quantum
confinement levels exceeds the optical phonon energy.

(iv) dark currents are small (and, consequently, the
operating temperature of the photodetector is high).
The latter circumstance is a consequence of nonin-
volvement of excited statesin a QD in the processes of
thermal generation of carriers in allowed bands in the

case when the energy spacings between the QD levels
are sufficiently large.

The most important disadvantages of photodetec-
tors with QD sheets are as follows:

(@) inevitable spread of QD sizesin the array, which
resultsin inhomogeneous broadening of the absorption
spectrum and a decrease in the absolute intensity of the
photoresponse [2];

(b) low sheet density of QDs (10°-10% cm?), which
is usually by two to three orders of magnitude smaller
than the typical electron density in 2D subbandsin QW
photodetectors (10*-10%? cm™).

2. FORMULATION OF THE PROBLEM

The elaboration of optical fiber communication
lines and related photonic devices operating in the near-
IR atmospheric window (1.3—1.5 um) isone of the most
important directions in the development of promising
methods for information transmission. It seems neces-
sary to fabricate in one and the same chip the entire set
of components of an optical fiber communication line;
modulators, demodulators, multiplexers, light emitters,
and, naturally, photodetectors. To reduce the cost of
such systemsiit is necessary that all the components be
integrated into modern VLS| silicon technology and
formed on Si substrates. However, silicon itself istrans-
parent to photons having a wavelength that exceeds
1.1 um. Germanium photodetectors have a high sensi-
tivity at ~1.5 um. This poses the problem of designing
Ge/Si heterostructures photosensitive in a range of
communication wavelengths of 1.3-1.5 yum at room
temperature.

At thefirst stage, the problem was resolved either by
depositing bulk dislocated Ge layers onto Si [3] or by
growing multilayer strained superlattices Ge,Si; _,/S
[4—6]. Standard performance criteriafor these photode-
tectors are the quantum efficiency, and adark current at
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Fig. 1. (a) Sketch of the cross-section of asilicon p—— pho-
todiode with Ge QDs; (b) the energy diagram of the diode
under zero bias.

abias of 1V or the saturation current in diode struc-
tures. Similar to the case of long-wavelength photode-
tectors, alow dark current is necessary to provide low
threshold power for the detector.

It was shown that for a photon wavelength of A =
1.3 um, the quantum efficiency of such devicesisn =
1-4.2% under normal incidence of light onto the detec-
tor, and it can reach n = 11% if the end face of planar
waveguides formed on the same Si substrate is il lumi-
nated. In the latter case, the transmission of light along
GeSi layers and multiple reflection from the waveguide
walls made it possible to obtain high n. In spite of the
relatively high quantum efficiency, the dark current in
buk and multilayer GeSi;_,/Si heterostructures
appeared to be too high. For example, typical dark cur-
rent densities under a bias of 1V at room temperature
were 10-10- A/cnv?, and the saturation current den-
sity was~10-2 A/cm?, which strongly exceeded currents
in Si or Ge p—n diodes.
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The next step in the design of high-efficiency Ge/Si
photodetectors was the replacement of continuous GeSi
layers with sheets of Ge QDs. In view of the prospects
for incorporating these elementsinto Si VLSI circuits,
Ge/Si heterostructures with coherently introduced Ge
nanoclusters seem the most attractive, since thereisthe
possibility of overgrowing elastically strained Ge lay-
ers with structurally perfect Si layers on which other
components of aVVLSI circuit can be then formed.

The production of waveguide structures based on S
p—i— diodes with sheets of Ge islands introduced into
the diode base was reported in [7, 8]. A quantum effi-
ciency of n = 2.3% was obtained for A = 1.3 um and a
dark current density of J = 4.2 x 10~ A/cm? under 1-V
reverse bias.! The authors of [9] reported the produc-
tion of p—i—n diodes based on Si with Ge nanoclusters,
where amaximum quantum efficiency of 8% at awave-
length of A = 1.46 um and a record-breaking low dark
current of J = 3 x 10° A/cm? were reached. It is neces-
sary to note that, in the above-cited studies, the density
of Ge islands was ~10° cm= and the islands had a lat-
eral size of about 100 nm and a height of about 10 nm.
At so large a size, the splitting of energy levels in the
growth plane (~ 1 meV), caused by quantum confine-
ment, is much smaller than the room-temperature ther-
mal energy, and, therefore, all the advantages of QD
photodetectors over systems of higher dimensionality
(e.g., small dark currents) could not be actualized to the
fullest extent. It became evident that further improve-
ment of the device parameters demands reduction of
the QD size to less than 10 nm with a simultaneous
increase in the QD sheet density in order to make the
dark current as small as possible without impairing the
guantum efficiency of photoconversion.

Thegoal of the present study wasto produce a Ge/Si
photodetector containing arrays of Ge QDswith asheet
density at alevel of 10'? cm™ and adot size of lessthan
10 nm, with small dark current and high sensitivity to
light at awavelength of 1.3-1.5 um.

3. THE TECHNOLOGY OF PHOTODETECTOR
FABRICATION

Photodetectorswere Si p—i—n diodes, with 30 sheets
of Ge QDs, separated by Si spacers 20 nm thick, incor-
porated into the base (Fig. 1). To reduce the size and
increase the density of islands, they were formed on a
preliminarily oxidized Si surface.

The samples were MBE-grown on As-doped (001)
n*-S subgtrates with a resigivity of 0.01 Q cm. The
growth temperaturewas 500°C for both Si and Gelayers.
Thegrowth ratewas 0.3 nm s for Si and 0.03 nm s for
Ge. After a standard cleansing of the Si surface, S
buffer layer 250 nm thick was grown. Then oxygen gas
was fed into the growth chamber, and Si surface was
oxidized for 10 min at an oxygen pressure of 10 Pa

1 Here and below the room-temperature parameters of photodetec-
tors are presented.
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and a substrate temperature of 500°C. In this process, a
SO, layer of severa angstroms in thickness was
formed (not shown in Fig. 1). Further, the chamber was
evacuated to a residual oxygen pressure of 10~ Pa, a
0.5-nm-thick Ge layer was deposited, and germanium
was overgrown with a 20-nm-thick Si layer. The last
three procedures (oxidation, deposition of 0.5-nm Ge,
deposition of 20-nm Si) were repeated 30 times succes-
sively. The multilayer Ge/Si structure was covered with
220-nm Si. The background concentration of B impu-
rity in intentionally undoped Si was (7-8) x 10% cm=,
The fabrication of p—i—n diode was done by growth of
200-nm p*-Si (B concentration in the layer 2 x 10 cmr3)
and 10-nm p**-Si (B concentration 10° cm=3, not
shownin Fig. 1).

Aluminum films deposited in a high-vacuum cham-
ber were used to fabricate ohmic contacts to heavily
doped Si layers. Columnar diodes wereformed by stan-
dard photolithography and reactive ion etching of the
structures to a depth of ~1.7 pum. The cross-sectional
area of mesa-structures varied from 150 x 150 to 700 x
700 pun. The dimensions of Al contact pads on the top
p*-Si layer were 80 x 80 um?. The diode surface was
passivated by depositing a 0.5-um-thick SiO, film from
an oxygern—monosilane mixture in a special reactor.

The formation of Ge islands and the quality of Si
layers were monitored in situ by reflection high-energy
electron diffraction (RHEED) (see Fig. 2). After the Si
buffer layer growing, the diffraction pattern exhibits
reflections from (2 x 1) superstructure typical of atom-
ically clean (001) Si surface. Oxidation changesthe dif-
fraction pattern significantly. All the superstructure-
related reflections disappear, the bulk reflections
become less pronounced, and the diffusion background
is more intense. This indicates the formation of a solid
SO, film onthe Si surface. After deposition of Ge onto
an oxidized surface, the diffraction pattern typical of
3D Geidands is observed, with the islands having the
same crystallographic orientation as the silicon sub-
strate, indicative of epitaxial growth. Furthermore, it
was found that Ge islands are formed in this case after
deposition of one Ge monolayer (ML) without the for-
mation of the underlayer typical of the Stranski—Krast-
anow growth mechanism. Therefore, Ge nanoclusters
in this system are completely isolated from one the
other. This fact seems especially important, since the
presence of 2D statesin the underlayer can significantly
accelerate capture of carriersin QDs[10, 11].

The mechanism of the formation of Ge islands in
Ge/SIO,/Si system has yet to be explained. The most
probable hypothesisisthat, at the early stage of growth,
GeO and SiIO molecules are formed in the reaction of
Ge adatoms with a SiO, film; leaving the surface, these
molecules uncover Si areas on which Ge nanoclusters
are then nucleated [12].

Figure 3a shows an SEM image of a (001) Ge/S
surface formed after deposition of a single Ge layer of
SEMICONDUCTORS  Val. 37
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Fig. 2. RHEED pattern from the sample surface at different
growth stages: (a) (001) Si (2 x 1) after growth of an Si

buffer layer; (b) (001) Si (1 x 1) after oxidation in O, flow;
(c) 3D diffraction after deposition of 0.5-nm Ge.
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Fig. 3. (d) SEM image of the Si surface after depostlon of
a0.5-nm Gelayer. Animage size of 100 x 100 nme; (b) The
surface profile along the line is marked in Fig. 3a

0.5 nmin thickness. As seen, the surface represents an
array of isands, and Figure 3b showstheir profilein the
direction marked by the line in Fig. 3a. Statistical pro-
cessing of the surface profilesyielded an average lateral
size of Ge islands of ~8 nm and a density of ~1.2 x
102 cm=2.
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Fig. 4. Dark J-V characteristics of photodiodes with cross-
sectional areasof (1) 700 x 700, (2) 500 x 500, (3) 300 x 300,
and (4) 150 x 150 um?. Recorded at T = 300 K.

4. DARK-CURRENT-VOLTAGE
CHARACTERISTICS

Figure 4 shows the dark current density vs. voltage
(J-V characteristics) at room temperature for diodes
differing in area. The current density is virtually inde-
pendent of the diode area, which is indicative of small
surface leakage and predomination of bulk processesin
the charge transport. A ideality factor of n=1.02 and a
saturation current density of Jg= 6 x 10° A/cm? were
determined from J-V characteristics. The ideality fac-
tor is close to unity, which indicates the absence of any
considerable contribution of tunneling and recombina-
tion currents rel ated to possible deep centersin the diode
base. The saturation current density isoneto two orders
of magnitude smaller than that in p—- and p—i—n diodes
(10%-10"3 A/cn?) [13], which implies that the energy
gap in aQD Ge/Si heterostructureiswider than in bulk
Ge, to all appearances due to confinement-induced
guantization of the energy spectrum of holes in the Ge
valence band.

The dark current density at 1-V reverse biaswas 2 x
105 A/cm?. To our knowledge, thisis the lowest value
achieved hitherto for Ge/Si photodetectors.

5. PHOTOELECTRIC PROPERTIES

Figure 5 shows typical current responsivity spectra
a different reverse biases under normal incidence of
light onto the photodetector surface. The measurements
were made at room temperature. The photocurrent in
the short-circuit mode (a bias of U = 0) was measured
directly with a Keithley electrometer. The photore-
sponse of reverse-biased photodiodes was measured
using alock-in nanovoltmeter at alight-modulation fre-
guency of 560 Hz. The spectral characteristics of illu-
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Fig. 5. Current responsivity spectraat varied reverse biason
the photodiode |U|: (1) O (short-circuit mode), (2) 0.2, (3) 0.5,
and (4) 2 V. Recorded at room temperature.

mination intensity were obtained using a cooled
CdHgTe photoresistor. As seen, the photosensitivity of
a QD Ge/Si p—i—n diode in near-IR range extends to
wavelengths of 1.6-1.7 pm.

Figure 6 shows the dependence of quantum effi-
ciency n at awavelength of A = 1.3 um on the reverse
bias. The value of n was calculated from the known
relation between the sensitivity R, photon energy hv,
and elementary charge: R = (e¢/hv)n. With increasing
bias, the quantum efficiency increases and levels off at
|U| = 2 V. Study of capacitance-voltage (C-V) charac-
teristics of diodes has shown that the device capaci-
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Fig. 6. The quantum efficiency of a photodiode at a wave-
length of 1.3 pm vs. reverse bias.
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tance remains unchanged within a 5% accuracy in the
reverse bias range |0-5| V. This means that the entire
i-layer lies within the space-charge region of ionized
residual boron impurities and QDs do not contain holes
(otherwise, the recharging of QDs with increasing |U|
would give rise to features in the C-V characteristics
[14]). Consequently, all 30 sheets of Ge QDs can be
involved in the band-to-band absorption of light evenin
the unbiased state, and it might seem that further rise of
the reverse bias must not lead to any increaseinn.

The increase in the quantum efficiency in electric
field can be explained as follows. It is known that the
Ge/S heterojunction is of type Il, since the lowest
energy statefor electronsliesinthe Si conduction band,
and the lowest state for holes, in the Ge conduction
band (Fig. 1b) [14]. The absorption of photons with
energy lower than the energy gap of Si gives rise to
electron transitions from the Ge valence band to the S
conduction band. In this process, free el ectrons appear
in the Si conduction band, and holes, in Ge idands.
Sinceholesarelocalized in Ge QDs, el ectrons makethe
major contribution to photocurrent at low electric field.
At high voltage, holes can effectively tunnel fromlocal-
ized statesin QDsto the Si valence band; thus, the pho-
tocurrent increases. Evidently, in a sufficiently strong
electric field, when all the photoholes can move away
from QDs, the photoresponse |evels off.

Maximum quantum efficiency of detectors was 3%,
which is closeto the values abtained for photodetectors
based on strained multilayer Ge Si; _,/Si superlattices.
Further increase in quantum efficiency can be reached
by designing a detector with a waveguide structure
which uses the effect of multiple internal reflection,
e.g., on asilicon-on-insulator substrate.

6. CONCLUSIONS

The main results of this study are asfollows.

(1) A method has been devised for fabrication of sil-
icon p—i—n photodiodes for the near-IR (1.3-1.5 um)
range with incorporated sheets of Ge QDs; with a sheet
density of QDs higher than 10* cm, the dot size less
than 10 nm.

(2) The lowest reported dark current density, 2 x
10> A/cm? under reverse bias of 1V at room tempera-
ture, has been achieved in these detectors.
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(3) Quantum efficiency under normal incidence of
light onto photodiode reaches 3%, which is close to the
values obtained for photodetectors based on strained
multilayer Ge,Si; _,/Si superlattices.
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