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Abstract— We report the evaluation of a molecular-beam epi-
taxy grown two-color photodetector for radiation thermometry.
This two-color photodetector consists of two p+in+ diodes, an
In0.53Ga0.25Al0.22As (hereafter InGaAlAs) p+in+ diode, which
has a cutoff wavelength of 1180 nm, and an In0.53Ga0.47As
(hereafter InGaAs) p+in+ diode with a cutoff wavelength of
1700 nm. Our simple monolithic integrated two-color photodetec-
tor achieved comparable output signal and signal-to-noise (SNR)
ratio to that of a commercial two-color Si-InGaAs photodetector.
The InGaAlAs and InGaAs diodes detect blackbody temperature
as low as 275 °C and 125 °C, respectively, with an SNR
above 10. The temperature errors extracted from our data
are 4 °C at 275 °C for the InGaAlAs diode and 2.3 °C at
125 °C for the InGaAs diode. As a ratio thermometer, our two-
color photodetector achieves a temperature error of 12.8 °C at
275 °C, but this improves with temperature to 0.1 °C at 450 °C.
These results demonstrated the potential of InGaAlAs–InGaAs
two-color photodetector for the development of high performance
two-color array detectors for radiation thermometry and thermal
imaging of hot objects.

Index Terms— Radiation thermometry, temperature measure-
ment, two-color photodetector.

I. INTRODUCTION

RADIATION thermometers are widely used in noncon-
tact temperature measurement systems where the tar-

get is inaccessible, for example, due to the extremely high
temperatures in a blast furnace or to prevent contamination in
semiconductor wafer growth [1]–[3]. Using a photodetector,
a radiation thermometer determines the temperature of an
object by measuring its radiated infrared energy [4]. A narrow
band filter is usually employed, to define the wavelength
range of the thermometer and minimize the influence of
atmospheric attenuation due to water and gas absorption
bands. For an accurate measurement using a single-wavelength
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photodetector, the target emissivity must be well known.
In cases where the emissivity is not easily obtained, or when
there is additional attenuation caused by the presence of an
unwanted medium, such as smoke or steam, a two-wavelength
band or a ratio thermometer can be used to correct for the
losses. The ratio thermometer works if the emissivity (and
the attenuation factor) is the same across the two chosen
wavelength bands [4]. In this case, the reduction in signal
due to reduced emissivity or attenuation cancels and the
ratio of electrical outputs from the two photodetectors is a
function of source surface temperature alone [5]. The tandem
Si-InGaAs photodetector shows good linearity and can be used
for single-spot measurement at temperatures above 400 °C [6].
Hence, the Si-InGaAs photodetector (such as K1713 from
Hamamatsu) has been used in a typical single-spot ratio
thermometer.

The concept of two-color detection has also been demon-
strated to be highly suitable for imaging applications where
objects in the imaged scene have different emissivities or
are located in an attenuating medium. In some cases, the
emissivity changes due to composition variation on the sur-
face, such as growing zinc alloy during galvanneal process
and induction skull melting of titanium aluminide [7], [8].
In these situations, it is impossible to translate the measured
photocurrent into target temperature if the measurement is
performed using a single-waveband detector. Therefore, a
radiation thermometry system using a two-color photodetector,
which minimizes the influence of emissivity, becomes highly
attractive for concomitant temperature sensing and thermal
imaging. Yamada et al. [9] and Mollmann et al. [10] suc-
cessfully demonstrated a two-color thermal imaging system
using an InSb photodetector and narrow-band optical filters.
Improved accuracy over conventional thermal camera imaging
was obtained using the two-color measurement. Inclusion of
filters, such as using of a filter wheel, prevents simultane-
ous measurement at the wavelengths of interest. Removing
the filters can bring further improvements to the two-color
imaging, in terms of simpler optical system, reduced cost, and
reduced dynamic filters drift and reflections between filters
and detector. It is also worth noting that the ratio of signal
at the two wavelengths is larger at the shorter wavelength.
Therefore, for objects with low emissivities, measurement
minimal error is best performed at short wavelengths [11]
and two-color measurements are normally performed at
selected short wavelengths. For applications with high oper-
ating temperature above 400 °C, such as furnace wall-tube
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Fig. 1. Cross sectional and top view of the InGaAlAs–InGaAs two-color
photodetector.

monitoring [12] or supervision of low emissivity objects in
aluminum industry [13], two-color thermal imagers operating
at short wavelengths are desirable.

For a two-color imaging system at the short-wave
infrared wavelengths the Si-InGaAs tandem photodetector
is not a suitable technology for fabrication of imaging
arrays, because the large lattice mismatch of 8% between
InGaAs and Si [14] makes epitaxially grown InGaAs on
Si impractical and stacking Si diode on InGaAs diode
(the approach adopted for Hamamatsu K1713) becomes
more complicated for large arrays. On the other hand, the
In1−x−yGaxAlyAs quaternary alloy, which is a direct bandgap
material, can be easily combined with InGaAs to form two-
color imaging arrays grown on high-quality InP substrates.
In1−x−yGaxAlyAs also offers several advantages over Si, such
as cutoff wavelength tunability from 827 to 1700 nm [15],
a higher absorption coefficient, leading to a thinner absorption
layer and potential as wavelength tunable multicolor spot
thermometer, line scanner, and eventually extremely accurate
thermometer camera.

In this paper, we report the first evaluation of an
InGaAlAs–InGaAs two-color photodetector for radiation
thermometry. The device structure, fabrication details, current–
and capacitance–voltage measurements, and the experimental
setup are described in Section II. The two-color photodetector
characteristics are compared with those of from a commercial
two-color photodetector in Section III, followed by a discus-
sion in Section IV and a conclusion in Section V.

II. EXPERIMENTAL DETAILS

A. Device Structure and Fabrication Details

Our two-color photodetector comprises an
In0.53Ga0.25Al0.22As (InGaAlAs) p+in+ diode, with an
alloy composition chosen to achieve a cutoff wavelength
of 1100 nm, grown on top of an In0.53Ga0.47As (InGaAs)
p+in+ diode, which is capable of detecting wavelengths up
to 1700 nm. The InGaAlAs–InGaAs structure, shown in
Fig. 1, was grown by molecular-beam epitaxy on an InP n+
conducting substrate at the EPSRC National Center for III–V
Technologies at Sheffield.

Mesa devices, shown in Fig. 1, were fabricated using
standard photolithography. Mesas were patterned by wet
chemical etching using a sulfuric acid: hydrogen peroxide:

Fig. 2. Setup used to perform thermometry measurement on two-color
photodetectors.

deionized water (1:8:80) solution. Ti–Pt–Au (10/20/200 nm)
metal contacts were deposited on the highly doped InGaAs and
InGaAlAs contact layers and the substrate, as shown in Fig. 1.
The metal contacts were annealed at 420 °C for 30 s. Surface
passivation and antireflection coating on the optical windows
were not performed. Three device sizes were fabricated to
allow analysis of current density. The top mesa sizes are
1 mm × 1 mm (large), 0.5 mm × 1 mm (medium), and
0.21 mm × 0.235 mm (small), as shown in Fig. 1. The large-
area devices were subsequently used for optical measurements.
Their optically active areas, calculated by excluding the area
shielded by the metal contacts, are 0.84 and 1 mm2 for the
InGaAlAs and InGaAs junctions, respectively.

B. Experimental Details

Current–voltage and capacitance–voltage measurements
were performed using an HP4014 picoammeter and an
HP4275 LCR meter, respectively. The spectral response of
the two-color photodetector was measured using an iHR320
monochromator with a tungsten lamp light source. Diffraction
gratings with blaze wavelengths of 1 and 2 μm were used for
spectral measurements of the InGaAlAs and InGaAs diodes,
respectively. The photocurrents from chopped 1064- and
1550-nm lasers were also measured using a phase-sensitive
detection technique [16]. The incident powers onto the device
were then measured using an optical power meter, so that
the responsivities of both diodes could be calculated. For
the radiation thermometry measurements, the setup in Fig. 2
described in [17] was used. We used a calibrated IR-563/301
blackbody source with an emissivity >0.99. The aperture
of the blackbody source was set to 10.16 mm in diameter
and the photodetector was placed at 300 mm away from
the blackbody source. A mechanical chopper was used to
modulate the signal from the blackbody at 420 Hz and
the modulated signal was focused by a ZnSe lens (Ø1-in
Plano-convex lens, f = 50 mm) onto the device. The pho-
tocurrent from the photodetector was amplified by a transim-
pedance amplifier circuit with an overall gain of 106 V/A.
The output signal from the amplifier was recovered using
the phase-sensitive detection method by an SR830 lock-in
amplifier. This measurement was performed at room tem-
perature and air exposed. The aforementioned commercial



840 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 61, NO. 3, MARCH 2014

Fig. 3. (a) Dark current density of InGaAlAs and InGaAs diodes.
(b) Capacitance and depletion width of InGaAlAs and InGaAs photodetector.

two-color Si-InGaAs photodetector from Hamamatsu, model
K1713-09 [18], was used to gauge our photodetector perfor-
mance in this paper.

III. RESULT

Fig. 3(a) shows the dark current density of InGaAlAs and
InGaAs diodes in this paper. At low biases below 0.1 V, bulk
current appears to dominate in both set of diodes. At higher
biases, bulk current density of 10−6 A/cm2 was obtained in
the InGaAlAs, while the inconsistency of the current density
in the InGaAs diodes shows the presence of some surface
leakage. The dark currents of both photodetectors are higher
than those of commercial diodes suggesting further growth and
fabrication improvements are required.

The depletion width as a function of reverse bias was
derived from capacitance–voltage measurements shown in
Fig. 3(b). The InGaAlAs diode achieves full depletion at 0.1 V
while the InGaAs diode is fully depleted at 6 V, suggesting a
higher unintentional background doping level in the InGaAs
intrinsic region. The depletion widths at 0 V, deduced from the
capacitance measurements, are shown in Table I. Parameters
from Hamamatsu K1713-09 are also shown for comparison.

The typical reponsivities of our InGaAlAs–InGaAs photo-
detector and the K1713-09 photodetector at 0 V are shown in
Fig. 4. The measured responsivities at 0 V from our diodes

TABLE I

BASIC PARAMETERS OF TWO-COLOR PHOTODETECTORS

Fig. 4. Responsivity of photodetectors in this paper and commercial
K1713-09 photodetector at 0 V.

are 0.25 A/W at 1064 nm for the InGaAlAs diode and
0.55 A/W at 1550 nm for the InGaAs diode. At 1064 nm,
the responsivity is lower than 0.44 A/W, measured in the
K1713-09(Si) diode, whereas at 1550 nm, it is similar to that
in the K1713-09(InGaAs) diode. The InGaAlAs diode shows
a cutoff wavelength, defined as 50% of the peak intensity, of
1180 nm (slightly longer than the nominal value targeted),
whereas the InGaAs photodetector shows a cutoff wavelength
of 1700 nm. These are longer than the cutoff wavelengths of
the diodes in K1713-09, most likely due to slight deviation
on the alloy composition. Our InGaAs diode also shows a
narrower spectrum due to higher absorption of our InGaAlAs
in the wavelengths of 1100–1200 nm.

When exposed to the blackbody source, the mean output
voltage of the transimpedance amplifier and the signal-to-
noise (SNR, taken as the ratio of the mean output voltage
to the standard deviation of the output voltage) are shown in
Fig. 5. The mean output voltage and the mean SNR were
calculated from at least six sets of data, each with more
than 2400 experimental data points, taken over 2 min at any
given temperature. SNR above 10 was achieved at the lowest
measured temperatures of 125 °C and 275 °C for long- and
short-band detector, respectively. The mean output voltage and
the SNR appear to be comparable with those obtained from
commercial detectors in Fig. 5. However, closer inspection
reveals that our InGaAlAs diode obtained a slightly higher
signal at temperatures below 500 °C but lower signal at
temperatures above 500 °C, compared with those measured
from K1713-09(Si) diode. The signal from our InGaAs diode
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Fig. 5. (a) Mean output voltage and (b) mean SNR of the InGaAlAs–InGaAs
photodiode and K1713-09 as a function of the blackbody temperature.

is also slightly higher than that from the K1713-09(InGaAs)
diode across the entire temperature range. However, at all
measured temperatures, the SNRs from both tandem diodes
are similar.

IV. DISCUSSION

The photocurrent from a photodetector can be calculated
by integrating the product of the incident optical power with
the spectral response of the photodetector. Fig. 6 shows the
emitted energy from a blackbody source versus wavelength
calculated from Planck’s law [19], as well as the Si and the
InGaAlAs spectral responses. Longer depletion region width,
as shown in Table I, and more efficient carrier collection
from the undepleted regions in Si diode gives rise to a
higher peak responsivity value than our InGaAlAs diode.
We attributed our lower peak responsivity to poor carrier
collection efficiency. Carriers generated in the top InGaAs
layer are blocked by the p-InGaAlAs layer. The InGaAs
layer in the optical window should be removed to improve
the quantum efficiency in our diode. Similarly the thickness
of the p-InGaAlAs layer can be reduced to improve carrier
collection efficiency. Although the responsivity of InGaAlAs
is lower than Si at shorter wavelengths, its higher response at

Fig. 6. Si and InGaAlAs spectral responses and spectral radiance of
a blackbody at temperatures from 300 °C to 600 °C.

wavelengths above 1100 nm leads to a larger overlap between
the diode spectral response and the blackbody radiated spec-
trum. This larger overlap compensates for the lower response
in the shorter wavelength region. Therefore, our InGaAlAs
diode produces a slightly higher signal when the radiated
power is mostly in the longer infrared wavelengths, when the
blackbody temperature is below 500 °C. On the other hand, as
the temperature increases, the peak radiated wavelength from
the blackbody shifts to a shorter wavelength. Hence, the Si
diode, with higher responsivities at shorter wavelengths, pro-
duces stronger signal at temperatures above 500 °C, as shown
in Fig. 5. The depletion width in our InGaAlAs is 2.41 μm,
compared with 10.16 μm in K1713-09(Si). This significantly
thinner InGaAlAs is clearly more suitable for development into
high-density array than the thick Si. Furthermore, we believe
that the responsivity of the InGaAlAs can be increased by
optimizing the absorption layer (for instance, by reducing
carrier recombination in the p InGaAlAs layer) and inclusion
of a broadband antireflection coating. Our InGaAs diode
produces higher photocurrent due to a slightly larger area
and a longer detection wavelength than the K1713-09(InGaAs)
diode.

From Fig. 5, it can be observed that the SNR values are
similar for both sets of diode despite our diodes having much
higher dark current than their commercial counterparts. This
is attributed to the dominance of our amplifier noise over
the shot noise from the diode when the photocurrent is low.
Using a spectrum analyzer, our amplifier noise of was found
to be 125 nV/Hz1/2 relatively high compared with state-of-
the-art amplifiers. It is also higher than the noise induced by
a dark current of 200 pA (equivalent to 8 nV/Hz1/2 at the
amplifier output) in our InGaAs diode. The SNR increases
quickly as the blackbody temperature increases for both tan-
dem diodes. However, the SNRs increase much more gradually
at blackbody temperatures above 250 °C and 450 °C for long-
and short-wavelength diodes, respectively. These results are
consistent with that from [17]. At low blackbody temperatures,
the amplifier noise is the dominant noise component in the
system; SNR increases as output signal increases rapidly with
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Fig. 7. Fluctuations of output voltage during measurement.

increased temperature. As the blackbody temperature increases
to a sufficiently high value, the shot noise induced by the high
photocurrent from diode becomes the overwhelming noise
source, leading to the observed trend.

The electronic noise of the detector–amplifier combination
in the system and influence of laboratory ambience (e.g.,
temperature and humidity) can be assessed as a temperature
error. This value was calculated from the ratio of percentage
error of the output voltage to the percentage change in output
for a 1 °C rise in the target temperature, known as percent per
degree [20], [21]. To assess the error in the output voltage, we
measured the largest peak-to-peak voltage (Vpp) and the mean
output voltage 〈V 〉, as shown in Fig. 7. The percentage error
of the output voltage is then defined as (Vpp/2)/〈V 〉 multiplied
by 100, while the percent per degree is given by

%/°C = 100 × c2

λT 2 (1)

where T is the target temperature in kelvin, c2 is Planck’s
second constant, 1.4388 cm · K, and λ is the effective oper-
ational wavelength of a single-channel thermometer. This
effective wavelength is derived from the gradient of the
natural logarithm of output voltage plotted as a function of
1/T [22], [23]. It is a method based on Wien’s law, by
approximating broadband wavelengths into a single mono-
chromatic wavelength [24]. The ratio thermometer can be
considered to behave in the same way as a single-channel ther-
mometer whose effective wavelength is given by λ = λ1λ2/
(λ2 − λ1) [4]. Fig. 8(a) shows temperature error for our
InGaAs and InGaAlAs diodes and a ratio thermometer. The
temperature error ranges from 2.3 °C to 0.02 °C for InGaAs
diode and 4 °C to 0.02 °C for the InGaAlAs diode. Hence, the
InGaAlAs can be used to measure a blackbody temperature
of 275 °C with an uncertainty of 4 °C while the InGaAs
diode can measure 125 °C with an uncertainty of 2.3 °C.
As a ratio thermometer, this temperature error becomes higher
due to longer effective wavelength than single-waveband
thermometer. Our two-color thermometer shows an error of
12.8 °C at 275 °C. The error drops with temperature to a
value of 0.1 °C at 450 °C. It is well known that the error
of a ratio thermometer is larger than a single-wavelength
thermometer [21]. Despite this, the importance of a ratio

Fig. 8. (a) Temperature error, including electronic noise and laboratory ambi-
ence, of the individual diode and when combined as a ratio thermometer and
(b) percentage error in output and %/°C at different blackbody temperature.

thermometer in overcoming the measurement errors, due to
uncertainties in emissivity and attenuation in the signal path,
is well recognized since there is a vast array of manufacturing
applications where only measurements of greater than 600 °C
are required. When an application dictates that lower tem-
perature measurements are needed, it is possible to achieve
this by moving both measurements to longer wavelengths.
From Fig. 8, it is clear that the temperature error reduces
as blackbody temperature increases. However, it tends to a
saturation value of 0.02 °C at temperatures above 250 °C and
450 °C for InGaAs and InGaAlAs, respectively. This is due to
the progressively smaller change of percentage error in output
signals as temperature increases, which is shown in Fig. 8(b).

With further improvement to increase the responsivity of
the InGaAlAs to amplify signal, and lower amplifier noise
to reduce total system noise, potentially more sensitive ratio
thermometer can be obtained from this material system.

V. CONCLUSION

In conclusion, we have reported the first evaluation of
an InGaAlAs–InGaAs two-color photodetector for use in
radiation thermometry. This two-color photodetector achieved
comparable output signals with a commercial two-color



ZHOU et al.: InGaAlAs–InGaAs TWO-COLOR PHOTODETECTOR 843

Si-InGaAs photodetector. Although the dark currents are
higher in our diodes, the SNRs measured are also compa-
rable with the commercial diodes, since the noise is largely
dominated by the amplifier when the photocurrent is low. SNR
above 10 was achieved at the lowest measured temperatures
of 125 °C and 275 °C for long- and short-band detector,
respectively. When evaluated as a ratio thermometer, our
two-color photodetector shows a temperature error of 12.8 °C
at 275 °C, but improves with temperature to 0.1 °C at 450 °C.
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