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ABSTRACT

An inexpensive, easily integrated, 40 Gbps photoreceiver operating in the communications band
would revolutionize the telecommunications industry. While generation of 40 Gbps data is not
difficult, its reception and decoding require specific technologies. We present a 40 Gbps
photoreceiver that exceeds the capabilities of current devices. This photoreceiver is based on a
technology we call “nanodust.” This new technology enables nanoscale photodetectors to be
embedded in matrices made from a different semiconductor, or directly integrated into a CMOS
amplification circuit. Photoreceivers based on quantum dust technology can be designed to operate
in any spectral region, including the telecommunications bands near 1.31 and 1.55 micrometers.
This technology also lends itself to normal-incidence detection, enabling a large detector size with
its associated increase in sensitivity, even at high speeds and reception wavelengths beyond the
capability of silicon.
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1. Introduction

Most commercial integrated photoreceivers use silicon photodetectors. Complementary-metal-
oxide-semiconductor (CMOS) monolithically integrated photoreceivers have been demonstrated to
operate at 8 Gbps with 2 dBm (1.6 mW) average input optical power and a bit error rate of less than
10°, and are approaching 40 Gbps. However, these monolithic photoreceivers based on Si
photodetector/amplifier integrated circuits have restricted spectral range that does not cover the
1.3 and 1.55 um data communication bands'™®.
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To solve the problem of insensitivity of Si photoreceivers in the communication bands, several
organizations are researching quantum-dot-array-based photodetectors. Ge/Si quantum dot
photodetectors, for example, have been demonstrated in the laboratory to operate in the 1.3-1.55-
um spectrum’™'?.  Fabrication for Si-based p-i-n photodiodes with a Ge quantum dot active layer
operating in the 1300 nm — 1550 nm range has been reported''. Several mature technologies are
available for fabrication of such quantum-dot structures including molecular beam epitaxy (MBE)’,
a subassembly electrochemical technique'®, and fabrication of a Si/Ge quantum dot waveguide
photodetector on silicon-on-insulator (SOI) substrate, growing the dot layer through a high-pressure
chemical vapor deposition (HPCVD) process'>. In addition to these difficulties, an inherent
problem with quantum dot based photoreceivers is their narrow band response, caused by energy
level sharpening, a quantum effect. As a result, these photoreceivers have sensitivity at specific
narrow wavelength bands within the 1.3-1.55 pum spectrum, thereby requiring several
photoreceivers to cover the entire communications band.

Developing a complete photoreceiver with sufficient sensitivity and capability of handling the
several tens of Gbps data rates requires integration of the photoreceiver and the amplifier
monolithically in the same quantum dot layer. We demonstrated for the first time a nanodust
photoreceiver with an integrated transimpedance amplifier. The photoreceiver covers the 1300 to
1550 nm telecommunication wavelength range, with data transfer at >40 Gbps, and will also receive
RF-modulated signals at frequencies up to 40 GHz.

2. Sensor design and fabrication

Nanodust technology avoids narrow band quantum dot effects and has feature sizes much less than
the wavelength of the light to be detected. This makes the device a broadband detector covering the
entire 1.3-1.55 um communications band. The unique design of the photoreceiver enables normal-

incidence photodetection, resulting in an overall response characteristic that is virtually decoupled
from the thickness of the active region — resulting in a large detector bandwidth.

Preliminary tests were performed on a quantum dot photodetector, fabricated as a 3-inch wafer

(Fig 2-1). This wafer was laser-cut into pieces between 5 mm and 15 mm on a side, with the
majority 10 mm X 10 mm. These pieces were integrated into photoreceivers and tested.
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Fig. 2-1. Preliminary photodetector wafer.

The preliminary (first generation) test photoreceiver was a 10 mmx 10 mm piece of the
semiconductor wafer attached to a power supply and a resistor, with voltage across the resistor
being the signal. In the second generation we fabricated a low-speed TIA from monolithic
components. Operation at low frequency enabled use of a breadboard and long cables in the first
generation tests, while higher frequency tests were performed on the second generation
photoreceiver (Fig. 2-2).
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Figure 2-2

The first-generation nanodust photodetector was tested with a simple system in which the
photocurrent served as input to a discrete-component TIA (a), while the second-generation
system was integrated with a commercial TIA (b).
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Sticky Note
Note that the first generation was tested at 1.63 µm and the second generation at 1.49 µm (because the 1.63-µm laser failed).


3. Measurements

To determine the potential carrier density, which depends on thermal generation rate, dark current,
and carrier mobility, we measured the Hall mobility of the carriers. Thermal generation rate inside
the quantum dots is assumed to be the same as in bulk material. Extensive characterization of the
properties of similar Si/Ge quantum dot nanostructures was conducted to determine optimum
nanostructure parameters.

3.1. Measurement of Hall Mobility

We measured the Hall mobility in a range of GexSi;«/Si quantum dot superlattices, with x € {0,
0.50, 0.73}. In this experiment, the quantum dots were dome-shaped with base size ~40 nm and
height ~4 nm. The density of quantum dots was ~3 x 10° cm™. (By comparison, the wafer we
tested optically incorporated quantum dots of ~20 nm diameter and 1.12 nm thickness, with a
density of ~10" cm™))

Hall mobility in intrinsic Si is ~1050 cm?/V-s at 300 K (room temperature), where the carrier
density is 1.5 x 10" cm™. Intrinsic Ge demonstrates Hall mobility of 2000 cm®/V-s with carrier
density of 2.4 x 10" cm™ at room temperature. Having measured mobility at one temperature, we
can calculate mobility at another temperature from

3/2
300 K
:| > (3_1)

up(T) =py (300 K)[T

where pyy is the Hall mobility and T is the temperature. Calculated values for Hall mobility of

intrinsic Si and Ge over a range of temperatures are shown in Fig. 3-1. Calculated values for the
Hall mobilities of intrinsic Si and Ge at 77 K are 8,000 and 15,000 cm?/V-s, respectively.
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Figure 3-1
Calculated Hall mobility of intrinsic silicon (Si) and germanium (Ge), and measured Hall
mobility in quantum dot region of tested superlattices (QD).
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Hall mobility (un) was measured for five Si/Ge quantum dot superlattices. Measurements varied
from 228 cm’/V-s, with a five-layer structure having a carrier density of 1.76 x 10'® cm™, to
239 cm?/V-s with a carrier density of 7.57 x 10'® cm™ in a 20-layer structure. The relatively high
Hall mobility and its T dependence indicate that the carrier mobility of these quantum dot
structures is based on electrons in the valence band, not hopping or trapped holes. The Hall
mobility of these superlattices is nearly an order of magnitude greater than that expected in Si/Ge
quantum well superlattices. Thus, the maximum operating frequency of a Si/Ge nanodust
photodetector is expected to be much higher than that of a quantum well Si/Ge photodetector.

The Hall mobility is an important parameter because it can be used to calculate the speed at which
carriers diffuse across the intrinsic region of the photodetector. The Hall mobility of a vertical
section of our test sensor, together with the intrinsic electric field, is virtually infinite in the
electrode/conductor regions, ~1050 ¢cm®/V-s in the intrinsic Si regions, and ~230 in the active
photodetection section. The intrinsic or applied electric field is several orders of magnitude greater
in the active region than in any other. Since the intrinsic field is 2.4 V, any bias voltage will
increase the field in these regions by the ratio of the bias voltage to this intrinsic field.

The intrinsic diffusion of 14.5 ps corresponds to a photovoltaic bandwidth of 125 GHz. With
design optimization this bandwidth can be increased to >450 GHz.

3.2. Expected Absorptivity
The absorption spectrum of a single quantum dot layer is

2
he(A—A
a(x):A%(@exp —[ o= hg)] , (3-2)

Ctot (7\‘ }\‘Gctot )2

where o is absorption, A is peak absorption, n is the area density of free carriers in the ground state,
D is the area density of dots, 6gp and Gy, are average Gaussian absorption linewidths for individual
quantum dots and the ensemble of quantum dot respectively, A is the wavelength of the incoming
light, and Ac = hc/Eg is the center wavelength of the optical transition (the mean bandgap
wavelength, which is ~1.55 pm for Ge).

3.3. Material capacitance

We also studied capacitance as a function of voltage and frequency at room temperature and
thermal conductivity. Capacitance — voltage (CV) characteristics are important for integration of
the photodetector with the receiver components and estimation of the operation speed. Thermal
characteristics are also important since the excess heat removal is always an issue in downscaled
integrated devices. Fig. 3-2 shows CV characteristics of the structure for frequency increasing from
50 kHz to 1 MHz. For the case of reverse bias (operating in photoconductive mode), the
capacitance is approaching 150 pF/cm’.
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Capacitance-voltage characteristics of the Si/Ge nanodust photodetector.

The measured capacitance does not appear to vary significantly with temperature. From the high-
frequency capacitance and size parameters of the nanodust material tested, we can calculate an
effective dielectric permittivity of ~0.87 pF/m, or ~0.095 gj,. Given the typical TIA input

impedance of 50 Q and the mobility measured in Section 3.1, we can estimate the cutoff frequency
of our second-generation nanodust photoreceiver to be that shown in Fig. 3-3, based on 15V
reverse bias. The capacitance, not the diffusion speed, clearly, is the main effect limiting the cutoff
frequency. The cutoff frequency can be increased by using a TIA with lower input impedance.
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Capacitance limits the maximum frequency of the nanodust photoreceiver.
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Sticky Note
This all assumes 50 Ω input impedance to the TIA


3.4. Si/Ge quantum dot photodetector thermal conductivity

Figure 3-4 shows cross-plane thermal conductivity of a prototype Ge/Si QDS structure, together
with virtually identical structures using different quantum dot thicknesses. The results indicate
significant decrease of the thermal conductivity compared to constituent bulk materials (thermal
conductivity in pure bulk Si is 145 W/m-K while Ge bulk thermal conductivity is 59 W/m-K, both
measured at ~300 K). The lower thermal conductivity in the quantum dot structure may lead to
increased heat in that area. This effect must be considered in future nanodust detector designs.
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Thermal conductivity of Ge/Si quantum dot’Superlattice structures. In this graph, the
asterisks represent a structure with 1.2-nm dots, the crosses 1.4 nm, and the x’s 1.9 nm.

4. Electronic testing

We measured the overall responsivity and sensitivity of the Si/Ge quantum dot sensor with off the
shelf instruments. Components of the device under test (DUT) are the wafer, a power supply, a
transimpedance amplifier, and test equipment. The wafer was fabricated and cut to size, and the
electrodes were wire bonded to the chip. The transimpedance amplifier evaluation board was
ordered from Vitesse. To measure the responsivity of the photodiode, we mounted a 5 mm X 5 mm
piece in the circuit shown in Figure 4-1.
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Sticky Note
Asterisks are replaced by red, crosses by blue, and x's by green solid lines.
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Testing the Si/Ge nanodust photodiode (a) required a transimpedance amplifier circuit (b).

Figure 4-1

4.1. Si/Ge nanodust responsivity

The testing system consisted of a laser diode operating at 1.49 um, a pair of cylindrical lenses to
circularize the beam, a chopper, the detector holder, and the TIA circuit shown in Figure 4-1 (b).
The TIA used in these preliminary measurements had a gain of ~14 mV/pA. Diode reverse bias
was 9.6 V. Detector noise does not appear to change with frequency, averaging 0.2 HA. Output
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Figure 4-2

The response of the photodiode (a) is very close to the predicted 22 uA/W at 1.49 um (b).

4.2. Frequency Response

Fig. 4-3 shows the response of the Si/Ge nanodust photodetector with a 1 kHz directly modulated
1.49 um laser. The photodetector response signal was amplified with a TIA as shown in Fig. 4-1
(b) and measured with a high-speed digital storage oscilloscope.
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Sticky Note
Again, a reminder that the initial tests used a laser a 1.63 µm while later tests used 1.49 µm.
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The Si/Ge nanodust integrated photoreceiver response at 1 kHz laser modulation (a) is virtually
identical to the current itself, which represents the laser output. The measured response is

nearly linear with a slope of 100 mV/A (b).

From Fig. 4-4, we observe that the photodetector tracks the laser modulation to an accuracy of at
least 0.01ns. Based on this, the intrinsic responsivity of the photodetector is estimated to be greater
than 100 GHz. This is significantly better than calculated for Eq. (3-5), indicating that the input
impedance is lower than the estimated 50 Q. We are in the process of building a high-speed

photoreceiver test setup and new signal processing electronics to accurately determine the speed of
this nanotechnology-based detector.
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The photoreceiver response (solid line) accurately tracks the laser drive current (dashed
line), even over very short time periods.
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5. Conclusion

We have successfully demonstrated for the first time the feasibility of a novel monolithic
nanodust/CMOS photoreceiver covering the 1300 to 1550 nm telecommunication wavelength
range, with data transfer at > 40 Gbps. Our data indicates that the photoreceiver has the potential of
high sensitivity in the 1300 and 1550 nm communication bands, polarization insensitive operation
at greater than 40 Gbps. A preliminary device was fabricated and characterized. This photodetector
was extensively tested in the laboratory to ensure its quality and suitability for the photoreceiver.
We assembled a first generation proof-of-concept prototype and successfully demonstrated its
responsivity at a wavelength longer than the longest L-band telecommunication wavelength.
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