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Abstract—The noise power spectral density of a detector is
essential for determining the frequency of operation and readout
architecture that yields an optimal signal-to-noise ratio. In this
work, we characterize a waveguide-integrated PbTe mid-infrared
detector and report on its noise spectrum, highlighting the
presence of a current-dependent 1/f term dominating at low
frequency and/or high bias over the Johnson component typical of
a photoconductor. This behaviour, together with the substantially
flat frequency response in the range between 1 kHz to 1MHz,
guide towards a lock-in readout strategy, that allows one to
operate in the region of minimum noise without penalties in
the detection performance. Practical guidelines to optimize the
readout resolution are provided and the limit of detection of a
gas sensing system exploiting PbTe photoconductors is derived, as
an example of how a careful co-design of sensors and electronics
can dramatically improve the detection performance.

Index Terms—integrated photonics, solid-state MIR detector,
noise characterization, lock-in readout, gas sensing.

I. INTRODUCTION

Binary lead chalcogenides like PbTe, PbSe and PbS have
been demonstrated as suitable materials for room tempera-
ture mid-infrared (MIR) detectors [1, 2]. The deposition and
processing of lead chalcogenide thin films play a huge role
in the resulting material properties, while oxygen annealing
and sensitization is important for achieving the desirable mid-
infrared photodetecting properties [3]. PbS and PbSe detectors
are produced commercially in film form using a chemical
deposition technique [4, 5, 6, 7], so there are currently no
commercially available detectors produced using evaporation
methods, required for easy patterning and integration on
chip. However, unlike PbS and PbSe, PbTe thin film photo-
conductors can be deposited onto any substrate by thermal
evaporation [8, 9, 10] through a low temperature process that
allows patterning via either a shadow mask or a lithography

Manuscript received –; revised –. This work was supported by Progetto
Rocca Foundation.

E. Guglielmi, F. Zanetto, G. Ferrari and M. Sampietro
are with the Department of Electronics, Information and
Bioengineering, Politecnico di Milano, 20133 Milano, Italy (e-
mail: emanuele.guglielmi@polimi.it; francesco.zanetto@polimi.it;
giorgio.ferrari@polimi.it; marco.sampietro@polimi.it).

P. Su, K. Stoll, S. Serna, K. Wada, L. C. Kimerling and A. Agarwal
are with the Department of Materials Science & Engineering and Materials
Processing Center, Massachusetts Institute of Technology, Cambridge, MA
02139 USA (e-mail: pxsu25@gmail.com; kestoll@mit.edu; safes@mit.edu;
kwada@mit.edu; lckim@mit.edu; anu@mit.edu).

S. Serna is also with the Department of Physics and Photonics and Optical
Engineering, Bridgewater State University, Bridgewater, MA 02324 USA

liftoff process. The low temperature also enables back-end Si-
CMOS integration and direct deposition on read out integrated
circuits (ROICs), avoiding adverse high temperature dopant
diffusion in the underlying electronic circuits. PbTe films have
successfully been used in waveguide-integrated detectors for
on-chip gas sensors [11, 12], important for applications in
industry, environment and homeland security. The well-known
trend of Internet of Things (IoT) and the newer Internet of
Everything (IoE) are expected to boost their use and lead to
integrated, compact, low power consumption and connected
solutions [13].

We have focused our research on a solid-state optoelectronic
solution employing a PbTe mid-infrared waveguide-integrated
detector. To achieve superior photodetection performance,
the electrical properties of the detector and the electronic
measuring architecture must be evaluated. We have fully
characterized the PbTe detector in terms of responsivity to
light, signal bandwidth and noise spectrum and derived an
optimal measuring strategy in terms of operating frequency
and modulation scheme to increase the signal-to-noise ratio
(S/N) of the measurement. The paper describes in detail the
noise spectrum analysis and finally reports its impact on the
limit of detection (LOD) of a PbTe-based gas sensing solid-
state optoelectronic system.

II. OPTICAL AND ELECTRICAL CHARACTERIZATION OF
THE DETECTOR

The detectors characterized in this work are PbTe MIR
photoconductors monolithically integrated on chalcogenide
waveguides and fabricated following a process similar to
that outlined in [12, 14]. On a silicon wafer with 3 µm
thermal oxide, a 100 nm PbTe film was deposited via thermal
evaporation and patterned using photolithography [15, 16]. As
noted previously [15], PbTe films are stoichiometric, single
face centered cubic (FCC) phase, polycrystalline films and
exhibit (200) texture even on amorphous glass substrates.
Band conduction model in the high temperature region yields
an electrical band gap energy between 0.2 eV and 0.3 eV
[17, 18, 19], smaller than the energy of MIR photons up to
4300 nm wavelength.

After the deposition of the PbTe film, a 300 nm layer of
thermally evaporated Sn was used to ensure ohmic connection
between the detector and the contact pads, made of a bilayer
consisting of 80 nm Au with a 20 nm Ti adhesion layer. A
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Fig. 1. Top view and cross sections of the photonic chip, with a glass
chalcogenide waveguide and a PbTe detector integrated directly underneath
it.

1 µm thick GeSbS waveguide was then deposited using ther-
mal evaporation and patterned using electron beam lithography
and liftoff. The wafer piece was finally cleaved to create input
and output waveguide facets. A schematic of the chip is shown
in Figure 1.

Figure 2 shows the optical and electronic parts of the
fabricated device. The electrical pads displayed in Figure 1
are apparent in the photonic integrated chip.

A. Electrical characterization

Six PbTe photoconductors have been integrated on a single
chip and electrically characterized to assess their effective
resistance and linear behavior. The measurements, shown in
Figure 3, confirm the excellent ohmic nature of the Sn to PbTe
contacts, the good reproducibility of the fabrication process
and the linear behavior for small voltage biases, with a detector
resistance around 13 kΩ varying less than 1% when biased at
1 V. The measurements have been performed with a bench-top
source-meter with the chip connected to a small PCB holder.

B. Optical response

The optical responsivity of the PbTe detector has been
measured using a tunable laser set at 2361 nm, modulated
with a mechanical chopper at 1 kHz and coupled into the chip

Fig. 2. Image of the electro-optical device.

Fig. 3. Measured I-V curves of six detectors integrated on the same chip,
highlighting the good ohmic contact of the Sn layer to the PbTe film and the
reproducibility of the fabrication process.

with an aspheric lens (Figure 4). The light inside the chip
is split by a 3 dB splitter: one of the two arms illuminates
the integrated PbTe detector, while the other directly exits
from the chip for alignment purposes. The detector was
biased at 1 V and its signal was detected with a commercial
transimpedance amplifier (TIA) and measured by a lock-in
amplifier locked to the chopper frequency. The light power
was varied with a neutral density filter in the beam path and
measured at the input of the chip with a thermal power meter.
Considering the coupling loss of about 5 dB at the chip facet
and the 3 dB splitter, the measured responsivity to light of the
integrated detector can be expressed in terms of variation of
its conductance as:

∆G = ∆G0 ·
(
POPT
1 mW

)η
(1)

where POPT is the optical power that reaches the detector,
∆G0 = 90 nS and η = 0.816. This expression has been
derived by fitting the experimental curve of Figure 5a, that
shows a slightly sub-linear behaviour. The current signal due
to light, that is summed to a constant baseline due to the
dark conductance of the detector, is then simply obtained as
IDET = VBIAS ·∆G, where VBIAS is the bias voltage.

The frequency response of the photoconductor could not
be measured at the same 2361 nm wavelength because me-
chanical choppers can only generate modulations up to few
kHz and electro-optical modulators in the mid-infrared region
were not available to us. For this reason, the measurement
has been performed with a 1 mW laser at 1550 nm with a
user selectable square-wave modulation from 1 kHz to 1 MHz,
taking advantage of the equally strong response of PbTe
detectors at this telecom wavelength [20]. The signal from
the PbTe detector was once again amplified with the same
commercial TIA and detected with a lock-in amplifier, locked
to the laser modulation frequency. The measured frequency
response R(f), normalized with respect to the signal at 1 kHz,
is reported in Figure 5b. The PbTe detector shows a response
with less than a factor of 2 reduction over three decades of
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Fig. 4. Experimental setup used to characterize the optical response of the detector.

Fig. 5. (a) Responsivity curve of the PbTe detector biased at 1V, measured at 2361nm. (b) Frequency response of the detector biased at 1V, measured
with a 1mW square-wave modulated laser at 1550nm and normalized with respect to the signal at 1 kHz.

frequency, suggesting that it can be used to detect signals over
a wide range of frequencies.

III. NOISE SPECTRAL CHARACTERIZATION

In addition to the optical characteristics and frequency
response, an essential information often overlooked when
designing and using integrated detectors is the noise behavior,
that can determine their best operating conditions in terms
of bias and readout frequency and the requirements of the
electronics.

To perform the noise characterization of the PbTe detector,
one of its terminals was connected to the virtual ground of the
TIA, followed by an additional voltage amplifier to amplify the
noise information above the input noise level of the spectrum
analyzer being used to perform the measurement. The other
contact was connected to a voltage generator, swept between
0 V and 5 V to operate the detector at different biases. The
measurement was performed after enclosing the detector and
the TIA into a grounded metallic container to shield the device
from electromagnetic noise.

The acquired noise spectrum is shown in Figure 6a high-
lighting, in addition to the thermal contribution SJ , a strong

term S1/f inversely proportional to the frequency, typical of
a 1/f noise, that follows Hooge’s Empirical Rule [21]:

SI(f) = SJ + S1/f =
4kT

RDET
+ kH

I2

f
=

=
4kT

RDET
+ kH

V 2
BIAS

f ·R2
DET

[
A2

Hz

] (2)

where RDET is the detector resistance, I the current flowing
through it, VBIAS the bias voltage, f the frequency and kH is
a constant that was estimated around 3.52× 10−10 in our case.
When the bias of the detector is increased, the corresponding
linear variation of the current (see Figure 3) causes a quadratic
enhancement of the noise power spectral density as seen in
Figure 6.

To disentangle the intrinsic noise contribution of the PbTe
material from the instrument measuring limit, we compared
the noise spectrum of the detector with that of a discrete
resistor of equivalent value, for voltage biases of 0 V and
1 V. The results are shown in Figure 6b. The discrete resistor
does not exhibit any current-dependent 1/f noise, showing that
this term is indeed due to the intrinsic nature of the PbTe
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Fig. 6. (a) Current noise power spectral density of the integrated PbTe detectors for different bias voltages between 0V and 5V and (b) comparison with a
discrete resistor of equivalent value.

material. Note that the PbTe detector, when biased at 0V (no
current flowing, i.e. at thermodynamic equilibrium), shows the
same white noise level as the discrete resistor, confirming
that the Johnson noise is the dominant term at low bias or
at high frequency. The residual 1/f noise measured at very
low frequencies, being equal in both the discrete resistor and
in the PbTe photoconductor at zero bias, is attributed to the
measuring instrument.

The noise behaviour gives important guidelines to determine
the optimal bias point of the detector. A high bias produces
a large electrical signal (IDET = VBIAS · ∆G), but also a
higher noise with the same dependence (

√
SI(f) ∝ VBIAS).

Increasing the bias of the detector thus does not offer any
benefit in terms of SNR when the 1/f noise term dominates.
The optimal bias point is identified with the voltage that moves
the 1/f noise corner frequency (frequency at which the 1/f
component is equal to the white noise) to the measuring fre-
quency fAC . Considering the parameters computed from the
noise spectrum and assuming that the noise of the electronics
is negligible, voltages of 80 mV and 250 mV are sufficient
when operating at 10 kHz and 100 kHz, respectively. Higher
bias voltages would not improve the S/N any further.

A. Contribution to noise from materials properties

The origin of the 1/f noise that dominates at lower fre-
quencies in PbTe films is not fully understood, but defects
likely play a large role as a source of 1/f noise in these
photoconductors due to their polycrystalline nature. While all
semiconductors have some point defects within their bulk,
polycrystalline films can also have defects as dangling bonds
located at grain boundaries [22, 23, 24]. Although the exact
location or nature of the defects in polycrystalline PbTe films
has not yet been conclusively determined, oxygen has been
shown to improve photoconductivity and could be passivating
defects along the grain boundaries while making the grain
boundaries more p-type [3]. Hence PbTe films are usually
produced using two steps: evaporation of an approximately
stoichiometric source onto a target substrate followed by an
oxygen sensitization step [8, 9].

This sensitization and potential passivation by oxygen can
occur at room temperature [20], but it is often done by
annealing in oxygen ambient at higher temperatures (250 to
300 °C). However, to ensure back-end Si-CMOS integration,
no high temperature annealing has been performed in this
sample. Further investigation is needed to determine whether
high temperature annealing has an impact on the passivation of
defects and therefore on the noise of the PbTe photoconductor.

IV. LOCK-IN READOUT STRATEGY AND
LIMIT-OF-DETECTION ASSESSMENT

The noise behaviour shows a 1/f component, while the
responsivity spectrum remains substantially unchanged as the
frequency increases. This guides the readout strategy of the
sensor towards a lock-in architecture, and allows us to opti-
mize the S/N of the measurement by selecting the operating
frequency, fAC , where the noise of the detector is lower.
In this particular case, a higher modulation frequency allows
us to increase the bias voltage of the photoconductor while
still operating in the region of minimum noise, with a great
advantage in terms of measurement sensitivity. The modulation
of the light input signal can be obtained with an external
chopper, with a modulated laser or with a monolithic mod-
ulator integrated with the chalcogenide waveguide, depending
on the required operating frequency and available technology.
Although modulating the detector bias achieves the same shift
in frequency of the signal to be measured, this method is not
effective in improving the S/N because it equally shifts the
detector noise spectrum. The lock-in readout also allows one
to choose the most suitable measurement time, i.e. detection
bandwidth, to achieve the sensitivity/resolution required by the
application, down to the limit given by the readout instrument
or to the intrinsic fluctuations of the modulation signal [25].

To quantify the effect of proper lock-in detection on the
measurement resolution, let us consider an example photonic
chip where the chalcogenide spiral and the PbTe element
are used to detect the presence of a particular gas species
in the environment, as reported in [11, 12] and shown in
Figure 7. The detection of gas is possible due to its interaction
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Fig. 7. Schematic of the gas sensing photonic chip integrating a spiral
chalcogenide waveguide with a PbTe detector. The PDMS chamber is used
to control the concentration of gas that interacts with the chip.

with the evanescent tail of light from the unclad waveguide.
Gases like methane have distinct absorption peaks in the
MIR range [26, 27, 28], so their presence can be detected
by monitoring the amount of light transmitted through the
waveguide at specific wavelengths. By using a spiral geometry,
the interaction length between light and gas can be increased
while keeping a compact form factor, an important advantage
over bulky systems employing discrete optics. The minimum
volume concentration of gas that can be detected by this
architecture is determined both by the spiral length [29] and
by the resolution in the readout of the PbTe photoconductor.
In fact, the spiral length determines the interaction of light and
gas as well as the propagation losses, while the readout noise
determines the smallest electrical signal that can be measured.
Both aspects need to be optimized to obtain the best detection
performance.

According to Beer-Lambert Law, the transmittance of the
waveguide and its dependence on gas concentration can be
written as:

T = T0 · TGAS = e−β·L · e−α·Γ·L·C (3)

where β is the propagation loss of the waveguide, α the
absorbance of pure gas at atmospheric pressure, Γ the confine-
ment factor in the gas, L the spiral length and C the volume
concentration [12]. Considering a modulated light source at
fAC and thus neglecting the DC dark current, the current
signal of the PbTe detector IDET is given by the responsivity
of Equation 1, the frequency response of Figure 5b at fAC
and the current noise in:

IDET = VBIAS ·∆G0 ·
(
POPT
1 mW

)η
·R(fAC) + in =

= VBIAS ·∆G0 ·
(
PIN · T0 · TGAS

1 mW

)η
·R(fAC)+

+ in = I0 · T ηGAS + in
(4)

where PIN is the optical power at the input of the spiral-
detector sequence and I0 = VBIAS ·∆G0 ·

(
PIN ·T0

1 mW

)η ·R(fAC)
is the detector current in the absence of gas. In the expression

we have neglected the intensity noise of the laser, significant
only in case of large laser power instabilities. The baseline
current signal I0 with no gas (TGAS = 1) reduces when the
concentration of analyte increases (TGAS < 1). The difference
between the two currents needs to be compared to the RMS
value of the photoconductor noise to determine the minimum
volume concentration that can be detected, leading to the
expression of the S/N of the measurement:

S/N =
I0 − I0 · T ηGAS

in,RMS
=

I0 (1− T ηGAS)√
SI(fAC) ·BW

(5)

where SI(fAC) is the detector current noise power spectral
density measured at fAC and BW is the lock-in readout band-
width. By first deriving T ηGAS from the S/N expression and
then recalling its dependence on gas concentration (equation
3), it is possible to write:

e−α·Γ·L·LOD·η = 1−
S/N ·

√
SI(fAC) ·BW
I0

(6)

where LOD is the limit of detection of the gas sensing system
expressed in volume concentration. The LOD can finally be
written as:

LOD = − 1

α · Γ · L · η
·

· ln

1−
S/N ·

√
SI(fAC) ·BW

VBIAS ·∆G0 ·
(
PIN ·e−β·L

1 mW

)η
·R(fAC)


(7)

The equation quantifies the interplay between the laser
power, the spiral sensor characteristics and the detector be-
haviour. Notice that proper knowledge of the PbTe detector el-
ement and correct lock-in processing allow one to dramatically
optimize the Limit of Detection (LOD). As long as the 1/f term
of the detector noise is not dominant, VBIAS can be increased,
obtaining a relevant improvement in the measurement resolu-
tion. For the same reason, it is better to work at high frequency,
as VBIAS can be further increased while still operating in the
region of minimum noise without significant trade-offs, given
the flat frequency response of the photoconductor. Finally, the
lock-in detection bandwidth can be arbitrarily set to obtain
the desirable measurement resolution. Figure 8a shows the
LOD computed as a function of the light modulation frequency
in an example scenario of methane sensing, using the spiral
parameters reported in [11] (α = 37.3 cm−1, Γ = 0.125,
L = 5 cm, β = 8 dB cm−1), PIN = 1 mW, BW = 1 Hz,
S/N = 3 and the detector characteristics described in the
previous paragraphs. The plot is computed by considering the
light modulation frequency to always be equal to the noise
corner frequency, a condition obtained by tuning the bias
voltage for each fAC . The advantage of operating at high
frequency is remarkable, with a difference of about a factor 20
between 1 kHz and 1 MHz. This improvement comes without
any modification in the photonic chip architecture, highlighting
the importance of performing a correct readout of the PbTe
detector.
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Fig. 8. (a) Theoretical LOD as a function of the light modulation frequency, computed by using the spiral parameters reported in [11] and the detector
characteristics discussed in the previous paragraphs. (b) Theoretical LOD as a function of the sensing spiral length, calculated for different propagation losses
of the chalcogenide waveguide and for PIN = 1mW, fAC = 1kHz.

Equation 7 also guides one through the design of the spiral
sensing element. Both the propagation losses and the spiral
length come into play in the calculation of the limit of detec-
tion. Lower waveguide losses allow one to use a long spiral
without attenuating the light signal reaching the PbTe element,
leading to higher power variations due to gas absorption. For
the same reason, when waveguide losses are high a short spiral
can be more effective than a long one, even if it has a reduced
interaction length with gas. To quantify the effect of this trade-
off, Figure 8b shows the LOD of the system as a function
of the spiral length, for 3 values of propagation losses and
PIN = 1 mW, fAC = 1 kHz. By properly sizing the spiral, a
dramatic improvement in the measurement resolution can be
obtained. Notice that the simulation is in good agreement with
the experimental results reported in [12], where a LOD of 1%
was obtained with a 5 mm long spiral. The small difference in
the result can be attributed to the noise of the laser source, that
is not considered in our simulation and was demonstrated to
worsen the measurement resolution. The ultimate LOD limit
can be reached by correctly sizing the spiral length to match
the propagation loss and by operating at high frequency: in
this condition, a LOD close to 0.001% is expected.

V. CONCLUSION

This work presented the complete characterization of a
waveguide integrated PbTe detector for MIR applications.
The measurement of the optical responsivity revealed the
possibility of operating the detector over a wide range of
frequencies, given the almost flat frequency response between
1 kHz and 1 MHz. The noise spectrum of the detector was
reported for the first time and highlighted the presence of
an unexpected 1/f term, which dominates the thermal noise
at low frequency or high bias voltage. This 1/f contribution
can compromise the measurement resolution if not taken into
account. The noise spectrum, together with the flat frequency
response, suggests the use of the lock-in technique to optimize
the readout strategy and operate above the 1/f corner frequency
where the noise is minimum. As a practical example of
the advantages obtained from a careful co-design of sensing

element and readout electronics, the limit of detection of a
gas sensing system based on PbTe detectors was investigated.
The study revealed that optimized sensor system performance
relies on an appropriate choice of parameters such as detector
bias voltage, working frequency, and sensing spiral length.
Optimization allows one to reduce the LOD from the current
1% down to 0.001%, a dramatic improvement that enables ap-
plications requiring high detection sensitivity/resolution. The
future vision is a compact sensing system with very high
resolution in the detection of target gases, liquids and aerosols,
with applications in the fields of industrial and environmental
pollution monitoring, food monitoring, medical diagnostics
and drug delivery.
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