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Abstract: Extending and controlling the spectral range of light detectors is very appealing for
several sensing and imaging applications. Here we report on a normal incidence dual band
photodetector operating in the visible and near infrared with a bias tunable spectral response.
The device architecture is a germanium on silicon epitaxial structure made of two back-to-
back connected photodiodes. The photodetectors show a broad photoresponse extending from
390nm to 1600nm with the capability to electronically select the shorter (400-1100 nm) or the
longer (1000-1600 nm) portion with a relatively low applied voltage. Devices exhibit peak
VIS and NIR responsivities of 0.33 and 0.63 A/W, respectively, a low optical crosstalk (<-
30dB), a wide dynamic range (>120dB) and, thanks to their low voltage operation, maximum
specific detectivities of 7-10'"'cmHz"”W and 2:10"°cmHz"W in the VIS and NIR,
respectively.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Photodetectors are consolidated key components of most optoelectronic systems. However,
fast developing applications such as optical communications, self-driving cars,
virtual/augmented reality and medical diagnostics are stimulating an increasing demand for
innovation towards performance improvement not only in terms of sensitivity and speed but
also of spectral response. In this framework, the near infrared (NIR) spectral range (between
780 and 2500nm) emerged as a very interesting band for several applications including
(besides optical fiber communications), enhanced imaging, security, remote sensing and
metrology in several fields such as food inspection, agriculture, pharmaceutical and biology
[1,2].

While the market of NIR photodetectors is largely dominated by III-V semiconductor
compounds (InGaAs, InGaAsP), the past two decades have seen a fast progress of germanium
on silicon (Ge/Si) photodiodes. Ge, with its direct energy gap at 0.8eV, can effectively absorb
optical radiation above 1600nm [3]. In addition, its compatibility with silicon promoted
significant research efforts towards NIR optoelectronics integrated circuits able to combine
optics and electronics functions to improve compactness, reliability and scalability while
reducing the overall cost [4]. Such development was triggered by the ability to obtain high
quality Ge epitaxially grown on Si, despite their relatively large (4%) lattice mismatch [5].
High performance Ge/Si detectors (comparable to their III-V counterpart) have been
fabricated in both free-space [6,7] and waveguide integrated schemes [8,9] and even
integrated on silicon photonics platforms [10]. Notably, in the past few years, significant
progress has been made in the growth of high quality Ge epilayers, resorting to low thermal
budget deposition techniques as viable approaches to CMOS compatibility [11,12] and Ge
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based optoelectronic circuits monolithically integrated with silicon electronics have been
successfully demonstrated [13,14].

In this work we propose to exploit the Ge/Si technology combining the Ge and Si optical
properties in order to obtain dual band photodetectors to allow sensitivity in both the visible
and the near infrared. While two-color detectors for the mid and far infrared already reached a
remarkable development [15], very few results have been reported concerning VIS-NIR
devices. These include InGaAsSb/GaSb multilayers operating between 1 and 2pum [16],
InGaP/InGaAs stacked double diodes with independent operation in the 400-700nm and 700-
1000nm bands, respectively [17], an InGaP/InGaAs/Ge three-color in the 400-1100nm band
with optical biasing [18]. To date, only two attempts of VIS-NIR tunable photodetectors
based on SiGe have been reported [19,20].

Here, we propose a novel approach that combines the optical properties of Si and high
quality Ge epitaxial layers with a back-to-back device architecture to demonstrate a voltage
tunable monolithically integrated photodetector operating in the VIS and NIR in the 400 to
1600nm spectral range and capable of electronically switch the spectral sensitivity between
the VIS and the NIR band with a very low optical cross-talk.

2. Principle of operation

The proposed device is based on a surface-illuminated couple of back-to—back connected
photodiodes made of two semiconductors sensitive to different spectral bands. The principle
underlying the voltage tunable dual band operation is quite simple and relies on the
combination of two effects: the spectral splitting operated by the different optical absorption
of the two semiconductors and the bias dependent photoresponse of the photodiodes.

Figure 1(a) schematically shows two stacked semiconductor materials with different
electronic band gap E,; and E,,, with E,; > E,,. The larger gap semiconductor faces the
incident light beam, therefore absorbing the optical radiation at energies 4v above E,; and
acting as an optical filter for the second layer, which absorbs the lower energy components
(Egi>hv>Eg). In such a structure, light can be selectively detected similarly to a multi-
junction solar cell where the shorter cutoff detector (PD,) acts as a long wavelength pass filter
for the underlying longer cutoff detector (PD,). The spectral, responses are schematically
depicted in Fig. 1(b), where the corresponding cutoff wavelengths 1; and /4, are indicated. If
the two photodiodes are back-to-back connected (as shown in Fig. 1(c)), when the applied
voltage V3 is positive the detector PD, is reverse biased and the detector PD, is forward
biased. The device detects the shorter wavelength photocurrent from PD;, since the longer
wavelength photocurrent is shunted by the low impedance of the forward biased photodiode
PD,. Similarly, when the bias polarity is reversed, only the longer wavelength photocurrent is
detected. Therefore, the electrically driven dual band operation shown in Fig. 1(d) can be
accomplished in a straightforward way by simply switching the polarity of the bias voltage.

(a) (b) (c) (d)

Fig. 1. Schematic representation of the principle of operation the back-to-back photodetector.

This approach has been originally proposed for WDM optical communication to
simultaneously detect and demultiplex two wavelengths, avoiding additional optical



Research Article Vol. 27, No. 6 | 18 Mar 2019 | OPTICS EXPRESS 8531

Optics EXPRESS

components. The double structure was fabricated using two different quaternary InGaAsP
layers lattice matched to InP operating in the 0.9-1.3um range and the voltage-controlled
band selection was successfully demonstrated [21]. Modified device architectures were later
proposed, based on the combination of heteroepitaxy with a back-to-back diode design to
allow monolithically integrated vertically aligned detectors to operate simultaneously in the
visible and near infrared [17] or to obtain wavelength sensitive photodetectors [22].
Variations of the original double diode architecture were implemented resorting to HgCdTe to
move towards the mid- and long-wavelength infrared [23,24]. Following the first successful
demonstrations and pushed by its relevance for security and military applications, the
detectors technology based on stacked semiconductors attracted a lot of interest and dual- and
three-band infrared focal plane arrays have been demonstrated [15].

In this work we propose and demonstrate for the first time a voltage tunable dual-band
device based on the back-to-back photodiode architecture operating in the visible and near
infrared, fabricated by epitaxial Ge-on-Si. The device structure is illustrated in the next
section along with its fabrication details.

3. Fabrication

The proposed device architecture is a pinip stack, where the top p and i layers are made of Ge
while the nip is Si. The epitaxial structure has been realized on a Si (001) substrate with a
resistivity higher than 1000 Q-cm and a thickness of 300 pm. A p-type layer has been formed
on the backside of the wafer by spin-on-dopant (SOD). The boron-based SOD (PBF1.4AS
Filmtronic) has been deposited on the surface by spin-coating (3000 rpm, 60s) and then soft-
baked at 200°C for 120 s. The diffusion step has been performed by heating the wafer at
1100°C for 60s, thus realizing a boron-doped layer with an average concentration of 2-10"
em™ and a thickness of 300 nm. Before the growth, the native oxide has been removed by
soaking the wafer in aqueous hydrofluoric acid solution (HF:H,O 1:10) for 10 s.

The growth has been performed by low-energy plasma-enhanced chemical vapor
deposition (LEPECVD) [25]. The first layer consists in a 200 nm thick phosphorous-doped Si
layer, deposited at 760°C at a rate of 4 nm/s with a SiH, flux of 20 sccm. A doping
concentration of 1x10' cm™ has been obtained by adding PH; during the growth. The second
layer consists of 3 pm nominally undoped Ge, grown at 500°C, at a rate of 4 nm/s with a
GeHy flux of 20 scem. The typical background doping in this layer is p-type with an
approximate concentration of 5 x 10'> cm™ as evaluated by Hall effect and hot-point probe
measurements. Six thermal annealing cycles (TAC) between 600 and 780°C, 2 minutes each,
have been performed in sifu to decrease the threading dislocation density. The final step
consists in the deposition of 150 nm of boron-doped Ge, grown at 500°C, at a rate of 1 nm/s
with a GeH, flux of 20 sccm. A p-doping density of 5-10' cm™ has been obtained by adding
B,H¢ during the growth. Figure 2 shows a schematic of the sample. The band diagram,
calculated with NextNano [26] assuming a natural valence band offset of =0.8 eV [27] and
full relaxation of the Ge layer is reported in Fig. 3.
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Fig. 2. (a) Schematic representation of the epitaxial stack. (b) Temperature profile during the
post-growth thermal cycling.
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Fig. 3. Band diagram of the sample in the region around the interface between silicon and
germanium. The inset shows the band diagram of the full structure.

After the growth circular mesas with diameters ranging between 100 and 500 um have
been realized by standard UV lithography and dry etching. The structure has been etched
down to the intrinsic silicon to electrically isolate the different devices on the same chip. The
top ohmic contacts have been realized by e-beam deposition of a Ti/Al metal stack (100 nm
Ti and 1000 nm Al) and lift-off. This metal contact is also present on the n-type Si layer for
preliminary tests, enabling the measurement the characteristics of the Ge pin and the Si pin
independently. This intermediate contact (see Fig. 4) has been left floating during the
electrical and optical measurements reported in the next sections. The bottom ohmic contact
has been fabricated by depositing two rectangular stripes of Ti/Au (10 nm Ti, 150 nm of Au)
on the backside of the sample. SEM images of one of the processed devices are reported in
Figs. 4(a) and 4(b).
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Fig. 4. SEM images of one of the processed devices in top view (a) and side view (b).
4, Results and discussion
4.1 Material characterization

The as-grown Ge-on-Si epilayer has been characterized by means of atomic force microscopy
(AFM) and high-resolution X-ray diffraction (HR-XRD). An AFM scan of the sample surface
is reported in Fig. 5. The RMS roughness is 0.7 nm and the threading dislocation density,
evaluated by defect etching on a similar samples is =8 x 10° cm™ [28].

Fig. 5. 40x40 um? scan of the surface of the sample.

The reciprocal space maps (RSM) relative to the symmetric (004) and asymmetric (224)
reflections have been measured at grazing incidence, by a PANalytical X’Pert PRO MRD
diffractometer and are reported in Fig. 6.

Out-of-plane and in-plane lattice parameters, as well as the strain state have been
measured (relative to the Si reflection) for the Ge peak. Ge-on-Si typically exhibits a residual
tensile strain [29], induced by the thermal expansion coefficient mismatch between Ge and Si
developing during cool-down from the growth (or annealing) temperature to room-
temperature. In this sample, we have measured a tensile strain of 0.17% for the Ge layer. In
the RSMs, two clear peaks relative to the Si and Ge layers are present. The elongation of the
Ge peak in the q; direction (see Fig. 6(a)) is due to the presence of defects, while the
elongation toward the Si peak reveals an interdiffusion between the two materials [30,31].
The interdiffusion takes place mainly during the high temperature steps of the TAC. Relying
on the interdiffusion coefficient reported in Ref [32]. we have estimated the thickness of the
interdiffused region to be approximately 60 nm after the six annealing cycles shown in Fig.
2(b), therefore we do not expect any sizable effect of intermixing on the optoelectronic
properties of the devices under investigation.
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Fig. 6. RSMs for the 004 (a) and 224 (b) reflections. The color scale represents the intensity
measured as counts per seconds.

4.2 Device characterization

In this section, we report and discuss the electrical and optoelectronic device characterization.
Electrical measurements have been performed by a KEITHLEY 2636B source measure unit
and a HP 4192A Impedance analyzer.

A typical current-voltage characteristic is shown in Fig. 7(a). The applied voltage and the
measured total current are between the top p-contact of Ge and the bottom p-contact of Si, as
shown in the inset. As expected from a back-to-back connected pair of diodes, the I-V
characteristic shows two reverse currents for both bias polarities. A positive applied voltage
(Vg > 0) forward biases the top Ge diode while reverse biasing the bottom Si diode and the
total current is limited by the Si diode reverse current. When a negative voltage (V3 < 0) is
applied, the situation is reversed. Therefore, the total current is always limited by a reverse
diode current. The characteristic is not symmetrical. The Ge photodiode dark current is larger
with respect to Si because of its much lower fundamental energy gap (EgGe =0.66eV, EgSi =
1.12eV). In addition, the Ge photodiode, being fabricated by heteroepitaxy of mismatched
semiconductors, suffers reduced crystal quality due to residual threading dislocations that
negatively affect the leakage current. The typical dark current densities measured at —1V and
+ 1V of the Ge and Si photodiodes are 3.2mA/cm? and 1.6pA/cm?, respectively. The Ge dark
current density is comparable with the best reported Ge/Si photodetector technologies
[33,34], demonstrating the good crystal quality of the Ge epilayer and its suitability for
practical applications [35].

Figure 7(b) shows a typical capacitance voltage characteristic. The observed non-
monotonic behavior is consistent with the back-to-back connected couple of diodes. A
junction capacitance decreases with the reverse bias. In this double structure, it results from
two series connected junction capacitances and decreases for both polarities since the Ge
diode is reverse biased at negative voltages while the Si diode is reverse biased at positive
voltages. The measured device capacitance is 120pF and 60pF at V3 = 1V and Vz = -1V,
respectively. Such capacitances, assuming the device speed is RC limited and assuming the
device series resistance is negligible with respect to the typical 50Q input impedance of the
analog front-end, produce estimated cutoff frequencies of about 25MHz and 50MHz,
respectively.
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Fig. 7. (a) Current-voltage characteristic, (b) capacitance-voltage characteristic of the back-to-
back photodiode.

The optical characterization was performed using a scanning monochromator equipped
with a tungsten lamp and suitable filters. The optical beam is collimated and the optical power
on the photodetector is measured by a calibrated power meter taking into account the two
dimensional overlap between the measured beam profile and the device area. For the
measurement of the dynamic range two CW fiber coupled semiconductor lasers at 633nm and
1520nm have been employed and the power was changed using a combination of neutral
filters and drive current. The optical beams were coupled in air and collimated.

The bias dependent dual-band operation of the device is demonstrated in Fig. 8(a), where
the spectral responsivity is shown for two different applied voltages. The operating optical
bands of the two photodiodes are clearly visible. For V3 = + 1V, the Si pin photodiode is
reverse biased and produces a photoresponse in the 400-1200nm spectral range, while the
contribution from the top Ge photodiode is shunted by its high forward conductivity. The
NIR-enhanced spectral response of the silicon diode is due to the quite thick active layer
(about 300pm). When the bias voltage is switched to V3 = —1V, the Ge pin photodiode is
reverse biased and produces a photoresponse in the 1000-1650nm spectral range. Its short
wavelength cutoff is due to the absorption of Si. The measured peak responsivities of the two
bands are 0.41A/W and 0.63A/W at 960nm and 1520nm, respectively. The spectral responses
exhibit a crossover (wavelength where the two photodiodes produce the same photocurrent) at
A. = 1080nm. The crossover wavelength depends on the amount of light absorbed by the
optical filtering action of the Si diode and can be blue-shifted reducing the Si intrinsic layer
thickness. The spectral response shows a region where the signals from the two diodes
overlap. The amount of overlap is a measure of the crosstalk between the two wavelength
bands. Such crosstalk has been defined according to:

1,(AV,
Cy (A)=20log——"2= (1)

where 1,,(4,V;) is the photocurrent measured at V3 = V.

The crosstalk is reported in Fig. 8(b). In most of both bands, it is lower than —40dB and it
reach 0dB (worst case) at the crossover wavelength A.. The device exhibits a relatively narrow
overlap band (about 80nm), defined as the spectral range where the crosstalk is larger than
—10dB.
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Fig. 8. (a) Device spectral responses measured at V3 =+ 1V (blue) and at V3 = -1V (red), (b)
wavelength crosstalk defined according to Eq. (1).

The voltage selection of the operating band can also be investigated by observing the
responsivity at a constant wavelength versus the applied voltage. Figure 9(a) shows two
photoresponses measured at 4 = 600nm and A = 1400nm. The VIS radiation is detected only
when V3 > —0.4V, while the NIR is detected only for V'3 <O0V. A crossover voltage (where the
two photodiodes produce the same photocurrent) is observed at about V. = —0.2V. The 600
and 1400nm responsivities reach their maximum values at V3 < + 1V and V3 = -0.5V,
respectively. The characteristics shown in Fig. 9(a) do not significantly change with the
selected wavelengths. Even in this analysis, a voltage range where the signal from the two
photodiodes overlap can be observed. In this case, in order to evaluate the overlap, we have
measured the voltage crossover, shown in Fig. 9(b), defined as:

Ly (Vs 4)
L, (Vs 4)

where 1,,(V,4;) is the photocurrent measured at 4 = /;.

In most of the voltage span, the device exhibits a crosstalk lower than —40dB An overlap
region, defined as the voltage range where the crosstalk is larger than —10dB, is centered at
V¢ and spans about 100mV. Both the required bias to reach the maximum signal and the bias
required to reach a given crosstalk are relevant device parameters. Indeed, the required bias
should be kept low, as increasing the dark current will also affect the noise performance.

Cy (V)=20log

A 2
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Fig. 9. (a) Photocurrent-voltage characteristics measured at optical radiation at 1 = 600 (blue)
and 4 = 1400nm (red), (b) voltage crosstalk defined according to Eq. (2).



Research Article Vol. 27, No. 6 | 18 Mar 2019 | OPTICS EXPRESS 8537

Optics EXPRESS

The overall performance of a photodetector has been evaluated by the specific detectivity
D*, defined as:

. RJAB

D =

3

1

n

where R is the responsivity, 4 is the device area, B is the bandwidth and i, is the noise current.
Assuming the noise current is dominated by the shot noise, i, can be evaluated as (2¢1,B)"",
where ¢ is the electron charge and /; is the dark current.

The resulting specific VIS (blue) and NIR (red) detectivities versus wavelength are
reported in Fig. 10(a) for V3 =+ 1V and V3 =—-0.5V, respectively.

In most of the VIS spectral range, D* is larger than 10'' cnmVHz/W with a peak value of
7-10" emVHz/W. In most of the NIR portion, D* is larger than 10'® cmVHz/W with a peak
value of 2:10'° cmVHz/W. Despite its larger responsivity, the Ge photodetector exhibits a
lower detectivity because of its larger dark current. An improvement of D* could be achieved
by lowering the bias voltage required to operate the device in the NIR band, thus reducing the
dark current exponentially.

Finally, the linearity of the detector has been investigated at two characteristic
wavelengths (630nm and 1500nm), measuring the photocurrent versus optical intensity with
the device operated at V3 = + 1V and V = —0.5V, respectively. The results shown in Fig.
10(b) demonstrate a suitable linearity over several decades for both bands. A linear dynamic
range, defined as the range over which photocurrent increases linearly with increasing optical
power, of 124dB and 134dB has been measured for A = 633nm and 4 = 1520nm, respectively.
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Fig. 10. (a) Specific detectivity measured at V3 = + 1V (blue) and at V3 = —0.5V (red), (b)
photocurrent versus optical intensity at 4 = 633nm and 42 = 1520nm.

5. Conclusions

In conclusion, a voltage-tunable dual-band photodetector operating in the visible and in the
near infrared range has been fabricated and characterized. The device is based on a back-to-
back connected couple of pin photodiodes made of silicon and an high quality epitaxially
grown Ge layer. The device operates between 400 and 1600nm and its architecture enables to
electronically select the shorter (400-1100nm) or the longer (1000-1600) portion with a
relatively low applied voltage. Devices exhibit peak VIS and NIR responsivities of 0.33 and
0.63 A/W, respectively, a low optical crosstalk (<-30dB), a linear dynamic range exceeding
120dB and, thanks to their low voltage operation, maximum specific detectivities of
7-10"emHz"*/W and 2-10'°cmHz"%/W in the VIS and NIR, respectively. The photodetector
performance demonstrates the validity of the approach and its suitability for practical
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applications. In addition, its relatively simple two-terminal architecture and its low voltage
operation suggests a broader applicability of the proposed approach for the fabrication of
VIS-NIR focal plane arrays.
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