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An uncooled photon detector is fabricated for the mid-wave infrared (MWIR) wavelength of 4.21 μm by
doping an n-type 4H-SiC substrate with gallium using a laser doping technique. The dopant creates a
p-type energy level of 0.3 eV, which is the energy of a photon corresponding to the MWIR wavelength
4.21 μm. This energy level was confirmed by optical absorption spectroscopy. The detection mechanism
involves photoexcitation of carriers by the photons of this wavelength absorbed in the semiconductor. The
resulting changes in the carrier densities at different energy levelsmodify the refractive index and, there-
fore, the reflectance of the semiconductor. This change in the reflectance constitutes the optical response
of the detector, which can be probed remotely with a laser beam such as a He–Ne laser and the power of
the reflected probe beam can be measured with a conventional laser power meter. The noise mechanisms
in the probe laser, silicon carbide MWIR detector, and laser power meter affect the performance of the
detector in regards to aspects such as the responsivity, noise equivalent temperature difference (NETD),
and detectivity. For the MWIR wavelengths of 4.21 and 4.63 μm, the experimental detectivity of the op-
tical photodetector of this study was found to be 1.07 × 1010 cm · Hz1∕2∕W,while the theoretical value was
1.11 × 1010 cm · Hz1∕2∕W. The values of NETD are 404 and 15.5 mK based on experimental data for an
MWIR radiation source with a temperature of 25°C and theoretical calculations, respectively. © 2014
Optical Society of America
OCIS codes: (040.0040) Detectors; (040.3060) Infrared; (040.6070) Solid state detectors.
http://dx.doi.org/10.1364/AO.53.008410

1. Introduction

Mid-wave infrared (MWIR) photon detectors operate
in the wavelength range of 3 to 5 μm for a variety of
applications including pollution detection, industrial
process monitoring, chemical forensics, chemical and
biological warfare, and noninvasive medical diagnos-
tics [1–4]. Most such detectors are based on narrow
bandgap semiconductor devices with excellent
signal-to-noise ratios and very fast response times.

In these devices, however, the dark current increases
exponentially due to thermally generated charge car-
riers with increasing temperature. To suppress this
type of noise, the cooling of semiconductor-based
detectors such as photoconductors, photoelectromag-
netic detectors, Dember effect detectors, and HgCdTe
(MCT) photodiodes has been investigated for room
temperature operations [5]. Uncooled infrared (IR)
detectors such as thermocouples, pyroelectric and
ferroelectric detectors, and microbolometers are cur-
rently available [6–9]. Much attention has been paid
to fabricating uncooled IR detectors with other oper-
ating mechanisms such as the optomechanical IR
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imaging system with a bimaterial microcantilever
array [10–12].

Wide bandgap semiconductors such as SiC and
GaN are another class of materials with the capabil-
ity of high operating temperature and high frequency
power amplification [13,14] that can be used for fab-
ricating MWIR detectors. We have doped an n-type
4H-SiC substrate with Ga to produce an acceptor en-
ergy level of 0.30 eV that corresponds to the energy of
a photon at the MWIR wavelength of 4.21 μm; there-
fore, the doped sample acts as an MWIR detector.
The incident MWIR photons transfer carriers from
the valence band to the acceptor level, which modi-
fies the refractive index of the doped region because
of the changes in the carrier density at these two en-
ergy levels. Consequently, the reflectivity of the
doped region changes, and this change in the reflec-
tance, which represents the optical response of the
detector, is probed with a He–Ne laser beam as
shown in Fig. 1. In this paper, the sources of noise
due to different components of the detector are ana-
lyzed and the noise equivalent temperature differ-
ence (NETD) and detectivity are investigated.

2. Experimental Procedure

A. Measurement of the Detector Response

An n-type 4H-SiC substrate with a length, width,
and thickness of 1, 1, and 0.0375 cm, respectively,
were doped with Ga using a laser doping technique
and the metallorganic precursor triethylgallium
[�C2H5�3Ga]. The precursor is decomposed at the
laser-heated substrate surface without melting the
substrate and the Ga atom diffuses into the sub-
strate. The details of a typical laser doping apparatus
are discussed elsewhere [15].

The optical properties of the Ga-doped sample,
which was produced by scanning a certain region of
the substrate with a laser beam, and the as-received
4H-SiC sample were measured using a Bruker
Vertex 70 Fourier transform infrared (FTIR)
spectrometer equipped with a Helios infrared

micro-sampling accessory. The absorption spectra
of the doped sample revealed a peak at 4.21 μm
(0.30 eV) with 25% absorbance, which is higher than
the 12% absorbance of the as-received sample as
shown in Fig. 2(a). However, the doped sample exhib-
its another absorption peak at the 4.63 μm (0.27 eV)
wavelength. This peak will also contribute to the de-
tector response since a narrow bandpass filter of
transmission range 4.08–4.81 μm is used in this
study to extract the MWIR wavelengths from a
broadband source of electromagnetic (EM) waves.
The doped sample has higher absorption coefficient
than the as-received sample, which indicates that
the Ga dopant has modified the optical properties
of the as-received sample [16].

The doped sample exhibits a change in its reflec-
tance depending on the irradiance of incident pho-
tons. This irradiance depends on the temperature
of the source, which emits the photons of interest,
and the radiation collection optics that collect the
photons and focus them onto the detector. The optical
response of the detector was tested using the setup
presented in Fig. 1. Since the focal length of the CaF2
lens (source lens) was 50 mm, it was placed 50 mm
above the hot stainless steel radiation source and a
narrow bandpass filter was positioned right below
the lens. The filter had a high transmittance
(∼92.5%) in the range 4.08–4.81 μm and a sharp cut-
off outside this band. Another CaF2 lens (detector
lens) was placed above the source lens so that the
convex surfaces of both lenses face the incident wave
to reduce spherical aberrations. A CW He–Ne laser
beam of output power up to 15 mW was used as a
probe laser. The power was reduced to 752 nW using
an attenuator placed right below the laser to
measure the optical response of the SiC detector.
A silicon-based power meter was used at its lowest
resolution (0.63 nW) to measure subtle changes in
the power of the reflected He–Ne beam.

3. Performance of the IR Detector

A. Effect of Photogenerated Carriers on the Reflectance
of the Doped Region

Absorption of the incident photon energy by the
doped sample creates photoexcited carriers due to
the jumping of carriers from the valence band to
the Ga dopant energy level. The change in the num-
ber density of carriers due to photoexcitation can be
obtained from the following equation (see
Appendix A) at any time t:

d�ΔNc�
dt

� Iaηi;SiCASiC

hνMV
− ΔNc

�
1
τr

� 1
dd

��������
D
4τd

s �
; (1)

where the first term on the right hand side is the rate
of photogeneration of carriers within the doped re-
gion of area ASiC at the SiC substrate surface and
depth dd inside the substrate, and the second and
third terms are the rates of carrier density loss
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Fig. 1. Experimental setup for testing the optical response of the
SiC detector at the MWIR wavelengths of 4.21 and 4.63 μm.
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due to recombination and diffusion of carriers from
the photoexcited region, respectively. Here, ΔNc is
the change in the number of carriers at the photoex-
cited state per unit volume of the doped region, V .
ηi;SiC and h are the internal quantum efficiency of
the SiC detector and Planck’s constant, respectively,
and νM is the frequency of the MWIR radiation. τr is
the recombination time, i.e., the lifetime of the car-
riers at the photoexcited state, D is the diffusivity
of the photoexcited carriers, and τd is the character-
istic diffusion time. Ia is the absorbed irradiance of
the MWIR radiation from the finite source, which
can be expressed as [4] Ia � αSiCεs�LB�λ12�τ0∕4F2�,
where αSiC is the absorbance of the doped sample
for the MWIR wavelength λ. The absorbance is deter-
mined by considering multiple reflections inside the
sample. εs and τ0 are the emissivity of the radiation
source and the transmissivity of the radiation collec-
tion optics (e.g., lens and filter), respectively. F is the
f -number of the detector lens. LB is the spectral ra-
diance of the blackbody source. �LB�λ12 � �LB�λ1��LB�λ2 , where �LB�λ1 and �LB�λ2 are the radiances
due to the emission bands centered around two
MWIR wavelengths λ1 � 4.21 μm and λ2 � 4.63 μm,
respectively. These two wavelengths are considered
because they represent two absorbance peaks of
the detector [Fig. 2(a)] and the filter of this study
transmits them from the radiation source to the
detector.

Equation (1) yields the following expression for the
change in the photoexcited carrier density at steady
state [17]:

ΔNc �
Iaηi;SiCτr

��������
4τd

p�
dd

��������
4τd

p
� τr

����
D

p �
hνM

: (2)

Another optical effect is the interference due to
multiple reflections of the He–Ne laser probe beam
and the MWIR radiation in the doped and undoped
regions of the detector, which increases the absorp-
tion of photons in the sample. The Ga-doped sample
has three interfaces between the air and doped re-
gion, the doped region and undoped silicon carbide,
and the undoped silicon carbide and air. The reflec-
tance due to multiple reflections at these interfaces
can be expressed as [18]

ρSiC � Rau �Rdu�1 − Rau�2e−2μudu

� R2
duRau�1 − Rau�2e−4μudu

1 −RduRaue−2μudu

� �1 − Rau�2�1 −Rdu�2Rdue−2μudue−2μddd

� �1 − Rau�2�1 −Rdu�2RauRadRdue−4μudue−2μddd

1 − RauRdue−2μudu
;

(3)
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Fig. 2. Spectroscopic data showing the optical properties of as-received 4H-SiC and Ga-doped 4H-SiC (two-pass samples where indi-
cated): (a) absorbance, (b) reflectance, and (c) transmittance in the wavelength range 4–5 μm.
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where ρSiC is the reflectance of the doped SiC sample
at the He–Ne laser wavelength in the presence of
MWIR irradiance on the sample. Rau, Rdu, and Rad
are the reflectivities at the interfaces between the
air and undoped region, the doped and undoped re-
gions, and the air and doped region, respectively. The
absorption coefficients and thicknesses of the doped
and undoped regions are denoted by μd and μu, and
dd and du, respectively.

The reflectance is a function of the reflectivity and
absorption coefficient. Since refractive and absorp-
tion indices depend on the free carrier density and
reflectivity depends on the refractive and absorption
indices, the reflectivity is ultimately affected by the
free carrier density. Similarly, the absorption coeffi-
cient, which depends on the absorption index, is ul-
timately affected by the free carrier density since the
absorption index is a function of the free carrier
density. Because of this functional dependence of
the optical properties on the free carrier density,
the reflectance of the detector will depend on the free
carrier density. Therefore, the noise in the free car-
rier density will affect the performance of the optical
detector.

4. Noise Sources in the Silicon Carbide Detector

The response of any detector system is severely af-
fected by the noise of its different components. In
the SiC optical photodetector, noise may arise from
a variety of effects such as the interaction of the
SiC detector with the incident photons from the
source, noise mechanisms due to the interaction be-
tween the He–Ne laser and SiC detector, the fluc-
tuation in the reflected power of the He–Ne beam
arriving at the Si detector, and the noise of the Si
detector itself.

A. Noises in the SiC Detector

The noises in the Ga-doped 4H-SiC detector are the
photon shot noise, Johnson noise, and the carrier
generation–recombination noise. When photons
strike a detector, the photon-detector interactions
immediately produce a signal variance or noise
due to the fluctuations in the number of photons
emitted by the source and the randomness in the pro-
duction of photoexcited carriers. The mean square
noise of the photoexcited carrier density can be
written as [4]

hδN2
c;Qi1∕2 � lD

4D

�
ηi;SiCαSiCεsτ0Δf SiC

4F2ASiChνM
�LB�λ12

�
1∕2

; (4)

where lD is the characteristic diffusion length of the
carrier in the detector and Δf SiC is the noise band-
width of the Ga-doped 4H-SiC detector.

The Johnson noise is the fluctuation of the photo-
excited carriers due to their thermal motions, and
the mean square of this noise can be written as [4]

hδN2
c;Ji1∕2 � lD

2ASiCDq

����������������������������
kBTSiCΔf SiC

Re;SiC

s
; (5)

where kB and TSiC are the Boltzmann constant and
the temperature of the Ga-doped SiC detector, re-
spectively. q is the charge of a carrier and Re;SiC is
the electrical resistivity of the detector.

The carrier generation–recombination noise arises
from statistical fluctuations in the rate of photoexci-
tation of carriers from the valence band to the dopant
energy level and the rate of relaxation of these photo-
excited carriers from the dopant energy level to the
valence band. The mean square of this noise, assum-
ing thermally generated free carriers are insignifi-
cant, can be written as [4]

hδN2
c;GRi1∕2 � l3D

8τrD2

�
ηi;SiCαSiCεsτ0Δf SiC

4F2ASiChνM
�LB�λ12

�
1∕2

:

(6)

B. Interferometric Noise due to Interaction between the
He–Ne Laser and SiC Detector

Interference occurs because of the multiple reflec-
tions of the He–Ne laser beam as it propagates inside
the SiC detector. Therefore, the reflected power of the
He–Ne laser can have interferometric noise, which
represents the phase of the laser varying randomly
as a function of time. The laser has random phase
fluctuations at the exit of the laser system. These
phases are modified further as the laser beam travels
through different optical paths inside the SiC detec-
tor, and this causes fluctuations in the power of the
He–Ne laser reflected by the detector, i.e., a random
signal is produced by the detector. The characteris-
tics of the interferometer, which is the detector itself
in the present case, are determined by the reflectiv-
ities at different interfaces inside the detector and
the delay time, τ, for the arrival of the laser wave-
fronts to the interfaces of the SiC detector. The spec-
tral density of the interferometric noise due to
multiple reflections can be expressed as [19]

RIN�νL�

� 4r2

π

�
Δν

ν2L � �Δν�2
�

×
�
sin2�ω0τ�f1� e−4πΔντ − 2e−2πΔντ cos�2πνLτ�g

� cos2�ω0τ�
	
1 − e−4πΔντ − 2e−2πΔντ

Δν
νL

sin�2πνLτ�

�

;

(7)

where the RIN is the relative intensity noise that
represents the amount of noise relative to the mag-
nitude of signal. It will be discussed more detail in
next section. r is an effective reflection coefficient,
which depends on the reflection coefficients of
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various interfaces of the detector. Δν, νL, and ω0 are
the linewidth in frequency units, the frequency of the
He–Ne laser, and the center angular frequency of the
He–Ne laser, respectively. It can be shown from
Eq. (7) that RIN�νL� is maximum, i.e., the conversion
of the incident laser phase noise into the reflected la-
ser intensity (signal) noise is maximum, when ω0τ �
�n� 1∕2�π for n � 1; 2; 3;…. However, for a shorter
delay time, in the limit of 2πτΔν ≪ 1, which holds
good in the present case for the He–Ne laser of line-
width Δν � 310 MHz and the delay time τ � 9.75 ps,
Eq. (7) simplifies to the following expression for
RIN�νL�:

RIN�νL� �
16
π
r2Δντ2 sinc2�νLτ�; (8)

where the sinc function is defined by sinc�x� �
�sin x∕x�. Small phase fluctuations occur in lasers
with very narrow linewidth, and this results in less
interferometric intensity noise. Based on the reflec-
tivities Rau, Rdu, and Rad, the effective reflection
coefficient, r, is determined from the following ex-
pression [19]:

r�t;τ�� 2
�
1−

���������
Rau

p �
4
RauRdu

×
	
e−2πΔf jtj�1� cos�2ω0τ1�e−4πΔf �τ1−jtj��; jtj< τ1

e−2πΔf τ1 �1� cos�2ω0τ1��; jtj> τ1

�2
�
1−

���������
Rau

p �
4
�
1−

���������
Rdu

p �
4
RauRad

×
	
e−2πΔf jtj�1� cos�2ω0τ2�e−4πΔf �τ2−jtj��; jtj< τ2

e−2πΔf τ2 �1� cos�2ω0τ2��; jtj> τ2
;

(9)

where τ1 and τ2 are the delay times given by
τ1 � 2dunu∕c cos�θt1� and τ2 � 2ddnd∕c cos�θt2��
dunu∕c cos�θt1�, where c is the speed of light in vac-
uum. θt1 and θt2 are the angle of He–Ne laser trans-
mission axis from the normal direction of the
undoped and doped samples, respectively.

Using Eqs. (8) and (9), the reflected He–Ne laser
power noise due to intensity fluctuations can be
written as

hδP2
r;Ii1∕2 � PL

���������������������������������������������������������������������������������������������������������������������
16π

�
1 −

���������
Rau

p �
4
RauΔν

�
Rduτ1 �

�
1 −

���������
Rdu

p �
4
Radτ2

�r
; (10)

where PL is the incident power of the He–Ne laser.
Equation (10) is used in Section 4.E to calcu-
late NETDTh.

C. Noises in the He–Ne Laser Probe Beam

The phase noise fluctuations of a laser can produce
intensity noise fluctuations [20]. The noises of a

He–Ne laser are power noises due to the frequency
and power fluctuations. Additionally, the interaction
between the He–Ne laser and detector produces a
noise in the reflected He–Ne laser power due to
the fluctuations in the reflectance of the detector.
The main noise mechanism for the laser is the spon-
taneous emission noise, which yields fluctuations in
the emitted optical power and the emission fre-
quency. The RIN represents the amount of noise rel-
ative to the magnitude of signal, which is given by
σ2∕hPi2, where σ is the standard deviation of the
noise distribution, i.e., σ2 is the noise variance and
hPi is the average power of the signal. The total
RIN is expressed in terms of power as [21]

RINtotal�t� �
hδP�t�2i
hP�t�i2 ; (11)

where δP�t� is the intensity fluctuation of laser.
Based on the spectral density of RIN in the optical
frequency domain (νL), which is denoted by RIN
(νL), the total RIN over all frequencies can also be
written as [22]

RINtotal �
Z

∞

−∞
RIN�νL�dνL: (12)

In terms of the reflected power fluctuations, δP�t�,
in the oscillator cavity of the He–Ne laser, the Fourier
transform of the autocorrelation function of δP�t�
leads to a spectral density of the square of the power
fluctuations in units of W2∕Hz, which is denoted by
WΔP�νL�. The corresponding spectral density of RIN
is given by RIN�νL� � WΔP�νL�∕hPi2 with

WΔP�νL� �
ηe;LℏωmPLΔρSiC;L

πt2p�ν2L � ω2
1�

;

where ℏ is the reduced Planck constant, ωm is the
modulated angular frequency of the laser, i.e., the
bandwidth of the He–Ne laser around its nominal an-
gular frequency ω1, ηe;L is the external quantum effi-
ciency of the laser, PL is the average power of the
laser beam, and tp is the pulse width at the half-in-
tensity points of the laser [21,22]. Similarly, in terms
of frequency fluctuations, the spectral density of RIN

is given by RIN�νL� � 4π2τ2WΔω�νL� corresponding to
the spectral density of frequency noise

WΔω�νL� �
ηe;Lℏωm

PLΔρSiC;L
β2ω2

1

4πt2p�ν2L � ω2
1�
;

where β is the phase-amplitude coupling constant
that is caused by the variation in the carrier density.
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The carrier density in various energy levels of the
He–Ne laser gain medium may vary because of the
thermal drift of the gain medium and input electrical
power fluctuation. Because of the variation of carrier
density, the amplitude and frequency of the lasing
optical field fluctuate. This fluctuating field alters
the phase and intensity of the He–Ne laser and
broadens the laser linewidth [21]. Using these ex-
pressions and Eqs. (11) and (12), the reflected
He–Ne laser power noises due to the power and fre-
quency fluctuations, respectively, can be written as

hδP2
L;Pi1∕2 �

�������������������������
πηe;LPLhνL

t2pω1

s
�13�

and

hδP2
L;Fi1∕2 �

�����������������������������������������������
πηe;LPLhνLα2SiC;Lτ

2ω1

2t2p

s
; (14)

where αSiC;L is the absorbance of the SiC detector at
the He–Ne laser wavelength. Equations (13) and (14)
are used in Section 4.E to calculate the theoreti-
cal NETDTh.

D. Noise due to the He–Ne Laser Detector (Si-based
Photodetector)

The noise mechanisms in the Si detector are the pho-
ton shot noise caused by the He–Ne laser photons
that are incident on the Si detector after being re-
flected by the SiC detector, as well as the Johnson,
shot, and generation–recombination noises due to
the He–Ne laser photon-induced electrons in the
Si detector. The photon shot noise due to the He–Ne
laser is [4]

hδi2Si;Qi1∕2 � q

������������������������������������
ηe;SiPLρSiC;LΔf Si

hνL

s
; (15)

where ρSiC;L is the reflectance of the SiC detector for
the He–Ne laser wavelength in the presence of
MWIR irradiance. ηe;Si is the external quantum effi-
ciency of the Si detector and Δf Si is the noise band-
width of the Si detector.

The Johnson or Nyquist noise describes the fluctu-
ations in the voltage across a dissipative circuit
element that are caused by the thermal motion of
the charge carriers. The charge neutrality is satisfied
in an electrical element (e.g., resistor) when consider-
ing the whole volume, but locally the random thermal
motion of the carriers sets up fluctuating charge gra-
dients and, therefore, a fluctuating voltage. The noise
due to this thermal motion can be expressed as [4]

hδi2Si;Ji1∕2 �
��������������������������
4kBTSiΔf Si

Re;Si

s
; (16)

where TSi and Re;Si are the temperature and the elec-
trical resistivity of the Si detector, respectively.

The current arising from random generation
and flow of mobile charge carriers is identified with
the shot noise. This shot noise is caused by the
fluctuations in the current due to the discreteness
of the charge carriers, and the random electronic
emission for which the number of electrons emitted
per unit time obey Poisson statistics, yields the
following expression for the shot noise [4]:

hδi2Si;Si1∕2 �
�������������������������������������
2qhδi2Si;Qi1∕2Δf Si

q
: (17)

The generation–recombination noise, which ad-
dresses the population of charge carriers in an ex-
cited state and the transition of the carriers from
the excited state to their ground state, is given by [4]

hδi2Si;GRi1∕2 � 2qG

�����������������������������������������������������������������������
ηe;Si

PLρSiC;L
hνL

Δf Si � gthASiΔf Silt

s
;

(18)

where G is the photoconductive gain. gth; ASi, and lt
are the thermal generation of carriers, the area of the
Si detector, and the detector thickness, respectively.

E. Noise Equivalent Temperature Difference due to
Various Noise Mechanisms

From the above noise sources in the SiC optical
photodetector, the detector performance can be
evaluated. The NETD is an important performance
parameter of infrared imaging systems, and it is de-
fined as the temperature difference between two ad-
jacent points on the target source for which the
difference in the detector signals is equal to the noise
of the detector. For the NETD calculation of the SiC
detector, the signal term is denoted by ΔNc�Ts�,
which is the difference in the free carrier density
of the doped sample in the presence of the MWIR ir-
radiation at a given temperature of the source Ts.
When the source temperature varies from Ts1 to
Ts2, the detector signal is ΔNc�Ts� � Nc�Ts2�−
Nc�Ts1�. The noise equivalent power (NEP) is the in-
cident infrared power on an infrared detector that
generates a signal output (S) that is equal to the
root-mean-square (RMS) noise output N, which re-
sults in a signal-to-noise ratio (S∕N) of 1. The signal-
to-noise ratio can be calculated using the following
expression:

ΔNc

hδN2
c i1∕2

�
ΔTsηi;SiCτr

��������
4τd

p h
αSiCεsτ0
4F2

�
dLB
dTs

�
λ12

i
hνM�dd

��������
4τd

p
� τr

����
D

p
��hδN2

c;Qi1∕2 � hδN2
c;Ji1∕2 � hδN2

c;GRi1∕2�
; (19)
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where hδN2
c i1∕2 represents the noise for a given noise

mechanism that consists of photon shot noise from
the radiation source, Johnson noise, and generation–
recombination noise. Since ΔTs � NETD at S∕N �
1 by the definition of NETD as the temperature of the
target for which the signal-to-noise ratio equals
unity, the generalized expression for NETD of the
doped SiC detector is

NETDSiC �
4F2hνM

�
dd

��������
4τd

p
� τr

����
D

p �
�hδN2

c;Qi1∕2 � hδN2
c;Ji1∕2 � hδN2

c;GRi1∕2�
ηi;SiCαSiCεsτ0τr

��������
4τd

p �
dLB
dTs

�
λ12

: (20)

The signal-to-noise ratio for the He–Ne laser beam
and doped SiC detector due to interferometric noise
caused by multiple reflection and interference can be
calculated by ΔρSiC;L∕hδρ2SiC;Li1∕2 ≡ ΔPr;L∕hδP2

r;Ii1∕2.
SinceΔTSiC � NETD at S∕N � 1, the generalized ex-
pression for NETD due to the interaction between
the He–Ne laser and SiC detector is

NETDL;SiC � hδP2
r;Ii1∕2

dPr;L

dTSiC

; (21)

where Pr;L is the reflected power of the He–Ne laser
and TSiC is the temperature of the SiC detector.

The NETD for the He–Ne laser and Si detector is
determined using hδP2

r;Pi1∕2 � hδP2
r;Fi1∕2, which repre-

sents the power noise due to intensity and frequency
fluctuation in the reflected He–Ne laser beam arriv-
ing at the Si detector. Since ΔTL � NETD at
S∕N � 1, the generalized expression for NETD due
to the fluctuation in the reflected power of the He–
Ne beam arriving at the Si detector is

NETDL;Si �
hδP2

r;Pi1∕2 � hδP2
r;Fi1∕2

dPL
dTL

; (22)

where TL is the temperature of the He–Ne laser.
Since the He–Ne laser power noise can be mea-

sured as a current in the Si detector, the signal-to-
noise ratio for the He–Ne laser power meter (Si de-
tector) can be calculated by the ratio ΔiSi∕hδi2Sii1∕2.
The noise sources are photon shot noise from the He–
Ne laser as well as Johnson, shot, and generation–
recombination noises. Since ΔTSi � NETD at
S∕N � 1, the generalized expression for NETD of
the Si detector itself is

NETDSi �
hνL

qηi;SiαSi

hδi2Sii1∕2
dPr;L

dTSiC

; (23)

where ηi;Si and αSi are the internal quantum efficiency
and absorbance of the Si detector at the He–Ne laser
wavelength. Therefore, taking into account all the
fundamental noise sources described above, the total

theoretical NETD can be obtained by NETDTh�������������������������������������������������������������������������������������������������������
NETD2

SiC�NETD2
L;SiC�NETD2

L;Si�NETD2
Si

q
[23].

F. Effect of NETD on Detectivity (D�)

The NETDs are determined from the noise sources in
the above section. The NETD affects the detectivity
as given by

D� � 4F2

NETD · τ0
dLB
dTs

�������
Δf
Ad

s
;

where Ad is the detector area [4]. This expression of
detectivity is applicable for radiations emitted by a
blackbody (ε � 1) and for detectors of 100% absorb-
ance. dLB∕dTs is the derivative of the integrated
blackbody radiance with respect to source tempera-
ture. The overall theoretical detectivity, D�

Th, of the
detector system of this study consists of four compo-
nents: (i) the detectivity of the SiC detector (D�

SiC);
(ii) the detectivity due to the interaction between
the He–Ne laser and SiC detector (D�

L;SiC); (iii) the de-
tectivity due to the fluctuation in the reflected power
of the He–Ne beam arriving at the Si detector (D�

L;Si);
and (iv) the detectivity due to the Si detector
itself (D�

Si).
The detectivity of the SiC detector, D�

SiC, can be
obtained by modifying the above general detectivity
expression to account for the absorbance of the SiC
detector (αSiC) and the emissivity of the stainless
steel radiation source (εs):

D�
SiC � 4F2

NETDSiCαSiCεsτ0
�
dLB
dTs

�
λ12

�������������
Δf SiC
ASiC

s
: (24)

The NETDL;SiC has been obtained in Eq. (21), and it
is due to the noise in the He–Ne laser and SiC detec-
tor (see Sections 4.B and 4.E). The NETDL;SiC and de-
tectivity, D�

L;SiC, account for the noise mechanism
that arises because of changes in the temperature
of the SiC detector while the temperatures of the
MWIR radiation source and He–Ne laser are kept
constant. For this noise mechanism, the detectivity
is given by
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D�
L;SiC �

�����������������
ASiΔf Si

p
NETDL;SiCαSiρSiC;LPL

dρSiC;L
dTSiC

: (25)

The NETDL;Si has been obtained in Eq. (22), and it
is due to the noise from the fluctuations in the
reflected power of the He–Ne laser beam arriving
at the Si detector (Sections 4.C and 4.E). The
NETDL;Si and detectivity, D�

L;Si, account for the noise
mechanism that arises because of changes in the
temperature of the He–Ne laser resonator while
the temperatures of the MWIR radiation source
and SiC detector are kept constant. For this noise
mechanism, the detectivity is given by

D�
L;Si �

�����������������
ASiΔf Si

p
NETDL;Si

dPL
dTL

: (26)

The NETDSi has been obtained in Eq. (23), and it is
due to the noise of the He–Ne laser detector, which is
the Si detector in this study (Sections 4.D and 4.E).
The NETDSi and detectivity, D�

Si, account for the
noise mechanism that arises because of the changes
in the temperature of the SiC detector while the tem-
peratures of the MWIR radiation source and He–Ne
laser resonator are kept constant. For this noise
mechanism, the detectivity is given by

D�
Si �

�����������������
ASiΔf Si

p
NETDSi

dPr;L

dTSiC

: (27)

The total theoretical detectivity can be obtained by
the following expression [24]:

1
D�

Th
�

���������������������������������������������������������������������������������������������������
1

D�
SiC

�
2
�
�

1
D�

L;SiC

�
2
�
�

1
D�

L;Si

�
2
�
�

1
D�

Si

�
2

s
:

5. Results and Discussion

A. Optical Response of the SiC Detector at Room
Temperature due to Changes in Its Refractive Index and
Reflectance caused by the Incident MWIR Wavelength

Four quadrants of the SiC substrate were doped with
Ga over a region of 3 mm square in each quadrant.
The number of laser passes was varied from one to
four to achieve different dopant concentrations in
different quadrants, thus resulting in one-, two-,
three-, and four-pass samples on the same substrate
corresponding to the number of laser passes. Some of
the results are for the two-pass sample as a typical
case. However, the detectivity and NETD are dis-
cussed for the four-pass sample since it provides a
better optical signal than the other samples of lower
dopant concentrations.

The absorbance, reflectance, and transmittance
spectra of the Ga-doped (two-pass sample) and as-
received undoped substrates are presented in
Figs. 2(a)–2(c). The spectrum of the Ga-doped sample

in Fig. 2(a) shows that it has higher absorbance (25%)
than that (12%) of the undoped sample at the MWIR
wavelength of 4.21 μm. The doped sample exhibits
another absorption peak at 4.63 μm. These two peaks
were considered for analyzing the detector character-
istics because the bandpass filter, which was used to
extract the MWIR radiation from the radiation
source, allowed transmission in the wavelength
range of 4.08–4.81 μm. Several mechanisms may
cause such multiple dopant energy levels, such as
the substitutional occupancy of the lattice sites of Si
and C atoms by the Ga atoms and the strains due to
the presence of Ga atoms at the interstitial sites.

Two emission bands are considered around these
two absorption peaks to calculate the total radiance
(LT) of the source at the SiC detector surface. One of
the bands ranges from 4.2 to 4.29 μm around the
peak wavelength at 4.21 μm, while the second band
is from 4.54 to 4.66 μm around the peak wavelength
at 4.63 μm. The spectral radiance can be calculated
as Lλ � εsLBλ, where εs is the emissivity of the oxi-
dized stainless steel radiation source with the value
εs � 0.7 at 1200 K for the wavelengths 4.21 and
4.63 μm [25]. LBλ is the spectral radiance of a black-
body given by Planck’s theory of blackbody radiation.
The total radiance of the source, LT , is determined by
integrating the spectral radiance, Lλ over the two
emission bands, and it was found to be LT �
0.2 μW∕mm2 sr at 25°C. Since the source emits more
radiation as its temperature increases, its spectral
radiance (Lλ) and the radiance in each emission band
(Li, i � 1 and 2) increase as shown in Fig. 3(a). The
incident irradiance on the detector in each emission
band, Ii for i � 1 and 2, is determined using Li and by
considering the solid angle subtended by the CaF2
source lens at the extended radiation source and
the diameter of the MWIR irradiation spot formed
by the CaF2 detector lens at its focal plane on the
SiC detector. So the total MWIR irradiance that en-
ters into the detector can be written as Ia �P

2
i�1 αiIi,

where αi is the absorbance of the detector in the ith
emission band for which the experimental values are
0.32 and 0.30 for the two emission bands around the
peak wavelengths at 4.21 and 4.63 μm, respectively.
Accordingly, the detector needs to be very sensitive to
detect any change in the source temperature. In ad-
dition, the EM wave collection optics need to be of a
very high quality to collect the maximum amount of
waves from the source and focus them onto a small
spot on the detector.

The SiC detector reflects the He–Ne beam to pro-
duce an optical signal in terms of the power of the
reflected He–Ne beam. This reflected power (Pr),
which was measured with a silicon-based He–Ne
laser detector coupled with a power meter by varying
the radiation source temperature from 25°C to 650°
C, is presented in Fig. 3(b) as a function of the total
radiance of the source. Therefore, Pr represents the
optical response of the SiC detector to the MWIR
wavelengths of 4.21 and 4.63 μm. This optical re-
sponse is normalized with respect to the incident
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He–Ne laser power (Pi) to obtain the reflectance of
the SiC detector as ρs � Pr∕Pi, where the subscript
s � u for the undoped (as-received) sample and s �
d for the doped sample. These results are presented
in Fig. 3(c) for two optical arrangements to collect the
MWIR radiations from the source and direct them to
the detector. It is evident from Figs. 3(b) and 3(c)
that the use of lenses improves the optical response
of the detector significantly. The effect of the MWIR
radiation on the optical response of the detector is
examined by determining the change in the reflec-
tance compared to the reflectance of the detector
in the absence of the MWIR radiation, i.e., Δρs �
ρs − ρ̄s. Here, s � u or d as defined above, and ρs
and ρ̄s are the reflectances of the sth type sample
in the presence and absence of MWIR irradiance, re-
spectively. As shown in Fig. 3(d), the change in the
reflectance of the doped sample is significant as
the temperature of the radiation source increases,

while the change is very small for the undoped as-
received sample. This improved optical response of
the Ga-doped sample is due to more photon flux at
elevated temperatures of the radiation source and
the presence of Ga acceptor levels corresponding to
the quantum of incident energy.

The transmitted powers of the He–Ne beam were
also measured for the undoped and doped samples
when both the SiC detector and the radiation source
were at room temperature. Based on the incident and
transmitted powers and the Beer–Lambert law for
the transmission of the He–Ne beam through the
samples, their absorption coefficients were deter-
mined. Using these data, the absorption index of
the undoped sample was found to be 1.42 × 10−4

for the He–Ne laser wavelength of 632.8 nm. Simi-
larly, the absorption indices of four Ga-doped sam-
ples representing one-, two-, three-, and four-laser
passes were found to be 1.50 × 10−4, 1.53 × 10−4,
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Fig. 3. Effects of the source radiance on the optical response of the detector (two-pass Ga-doped samples) compared to the as-received
(undoped) samples. The data show that the doped samples produce significant optical signals at the He–Ne laser wavelength of 632.8 nm:
(a) effect of the source temperature on its radiance at twoMWIRwavelengths of 4.21 and 4.63 μm; (b) reflected powers of theHe–Ne laser in
the presence of theMWIR irradiance; (c) reflectances of the samples at theHe–Ne laser wavelength in the presence of theMWIR irradiance
(ρs, s � u or d); and (d) difference between the reflectance obtained in the presence of the MWIR irradiance and that obtained in the
absence of the MWIR irradiance for each sample (Δρs � ρs − ρ̄s).
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1.57 × 10−4, and 1.60 × 10−4, respectively, for the He–
Ne laser wavelength. These results indicate that the
absorption indices are negligibly small. Using the re-
flectance data and the expression [Eq. (3)] for reflec-
tance due to multiple reflections of the He–Ne beam
inside the SiC samples, the refractive indices ns, s �
u, and d were calculated for the samples in the pres-
ence of MWIR irradiance as presented in Fig. 4(a).
The doped sample has a lower refractive index than
the undoped sample because of the lower refractive
index of the doped sample at room temperature. In
the absence of MWIR irradiance, the refractive indi-
ces (n̄s) were found to be 3.44, 3.08, 3.17, 3.23, and 3.3
for the undoped and the Ga-doped samples of one-,
two-, three-, and four-laser passes, respectively.
The changes in the refractive index, Δns � ns − n̄s,
are presented in Fig. 4(b) for the two-pass sample
to illustrate a typical case, which shows that the
MWIR photons change the refractive index of the de-
tector significantly compared to that of the undoped
sample. It should be noted that the refractive indices
(n̄d) increase as the number of laser passes increase.
Similarly, the reflectances (ρd) were found to be
25.93, 25.02, 24.4, and 23.41% for the four Ga-doped
samples of one-, two-, three-, and four-laser passes,
respectively, when the radiation source was at room
temperature. A higher number of laser passes in-
creases the dopant concentration in the samples as
discussed below. A higher dopant concentration ena-
bles increasing photoexcited carrier density, which in
turn affects the reflectance and refractive index of
the doped samples.

Figure 5(a) shows the effect of the source temper-
ature on the photoexcited carrier density, which was
determined using

Nc�Ts� �
ηe;SiCK
dd

λ

hc
Ia�Ts�
αSiC

Na: (28)

ηe;SiCK∕dd can be identified as the Einstein transi-
tion probability for the transition of carriers from a
lower energy level to a higher energy level. K andNa
are a proportionality constant and the acceptor con-
centration in the Ga-doped SiC detector, respectively
[26]. The photoexcited carrier densities (Nc) in the
doped samples were calculated using Eq. (28) and
a value of Na � 6.05 × 1010 cm−3 for the two-pass
sample at Ts � 25°C. Even this relatively low photo-
excited carrier density produces a significant optical
signal as shown in Fig. 3(b). Figure 5(b) shows the
reflectances and refractive indices of the samples
at the He–Ne laser wavelength in the presence of
the MWIR irradiance for different dopant concentra-
tions. The theoretical reflectances and refractive in-
dices of the detector can be determined using Eq. (3).
At higher dopant concentrations, more holes are
available in the dopant energy level to accommodate
more photoexcited carriers, which results in larger
changes in the carrier density. Since more photoex-
cited carriers can be produced in the sample with
a higher dopant concentration, the refractive index
increases, and, consequently, its reflectance de-
creases. Although the theoretical and experimental
results are different, they exhibit similar trends.
The discrepancy may be due to the misalignment
of various optical elements in Fig. 1 and the unstable
output power of the He–Ne laser.

B. Evaluation of the Detector Performance

In this study, the experimental data involve the
signal-to-noise ratio of two devices, which are the
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Fig. 4. Effects of the source radiance on the optical response of the detector (two-pass Ga-doped samples) compared to the as-received
(undoped) samples. The data show that the doped samples produce significant optical signals at the He–Ne laser wavelength of 632.8 nm:
(a) refractive indices of the samples at theHe–Ne laser wavelength in the presence of theMWIR irradiance (ns, s � u or d) and (b) difference
between the refractive index obtained in the presence of theMWIR irradiance and that obtained in the absence of theMWIR irradiance for
each sample (Δns � ns − n̄s).
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Ga-doped 4H-SiC sample that produces the optical
signal by reflecting a He–Ne beam and the Si detec-
tor that is used to measure the power of the reflected
He–Ne beam. The experimental detectivity of this
SiC–Si detector system, which represents the
combined effect of the SiC and Si detectors, can be
written as [4]

D�
Exp � S∕N

ρSiC;LIi;L

����������
Δf Si
ASi

s
; (29)

where Ii;L is the irradiance of the He–Ne laser inci-
dent on the SiC detector. The irradiance on the Si de-
tector (Ir;L) can be related to the reflectance of the
SiCMWIR detector by the expression Ir;L � ρSiC;LIi;L.

The detectivity of the four-pass sample is calcu-
lated using Eq. (29) for the case where both the de-
tector and radiation source are at room temperature
(25°C). The signal noise (N), which is the standard
deviation of the fluctuations in the output laser
power, and the signal (S), which is the average value

of the laser power used for calculating N, were found
to be S � 752 nW and N � 6.68 nW based on the
He–Ne laser power meter reading on a Si detector.
These data yield a signal-to-noise ratio (S∕N) of
the SiC–Si detector system as 112.62. The time
constant of the Si detector was tc � 10 ms, which cor-
responds [17] to Δf Si � 1∕�2tc� � 50 Hz. The other
data for the above-mentioned signal and noise mea-
surements are the incident He–Ne laser irradiance
on the SiC sample surface as Ii;L � 26.79 nW∕mm2,
the reflectance of the sample as ρSiC;L � 0.28 at the
He–Ne laser wavelength, and the detector area ASi �
1.13 mm2 for a He–Ne beam with a diameter of
1.2 mm. Substituting these data into Eq. (29), the de-
tectivity of the SiC–Si detector system was found to
be 1.07 × 1010 cm · Hz1∕2∕W, while the theoretical
result was 1.11 × 1010 cm · Hz1∕2∕Wbased on various
noise mechanisms as shown in Table 1.

Similarly, the theoretical detectivities of the SiC–
Si detector systemwere obtained using Eqs. (24)–(27)
for different dopant concentrations, and the corre-
sponding theoretical detectivities were calculated
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Fig. 5. (a) Effect of the source temperature on the free carrier density in the detector (two-pass Ga-doped samples) and (b) reflectances
and refractive indices of the samples at the He–Ne laser wavelength in the presence of the MWIR irradiance for different dopant
concentrations obtained by scanning the laser for multiple passes as shown on the top axis.

Table 1. Theoretical Values of NETDTh and Detectivity of the Ga-Doped 4H-SiC IR Detector at 4.21 μm

Detector Components Noise Sources
Related

Equations
NETDTh
(mK)

Detectivity,
D�

Th�cm · Hz1∕2∕W�
Ga-doped 4H-SiC detector 1. Photon shot noise from the radiation source

2. Johnson noise
3. Generation–recombination

(4)–(6), (19),
(20), (24)

12.15 4.53 × 1010

SiC detector�He −Ne laser
probe beam

1. Interferometric noise due to multiple
reflection and interference of the
He–Ne beam in SiC

(7)–(10),
(21), (25)

14.88 2.31 × 1010

He −Ne laser probe beam� Si
detector

1. Power noise due to intensity fluctuations
2. Power noise due to frequency fluctuations

(11)–(14),
(22), (26)

16.72 2.05 × 1010

He–Ne laser power meter
(Si detector)

1. Photon shot noise from the He–Ne laser
2. Johnson noise
3. Shot noise
4. Generation–recombination

(15)–(18),
(23), (27)

19.84 1.73 × 1010

Total 32.28 1.11 × 1010
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as listed in Table 1. Figure 6(a) shows how the theo-
retical detectivity depends on different noise mecha-
nisms as the dopant concentration is varied, and the
discrepancy between the theoretical and experimen-
tal results are presented in Fig. 6(b). This discrep-
ancy may be due to several reasons such as the
misalignment of different optical elements in Fig. 1
and loss of the optical signal due to the scattering of
the He–Ne beam in these elements including SiC.
The loss of photoexcited carriers due to diffusion
and the absorption and scattering in various defect
sites in the SiC substrate can also contribute to the
discrepancy.

The NETD is another figure of merit defining the
smallest temperature difference between two points
of a source that a detector can image distinguishably.
It represents the temperature of a source above the
background (ambient) temperature that produces
a signal in the detector equal to the RMS of the

detector noise. The NETDExp can be determined as
the ratio of the standard deviation of the detector sig-
nal (σn) to the system intensity transfer function
(SITF) [27]. σn can be expressed as

σn �
�������������������������������������������������������������������������������������"
N
XN
i�1

�Pi�2 −
 XN

i�1

Pi

!
2
#
∕�N�N − 1��

vuut
by incorporating Bessel’s correction to the conven-
tional definition of the standard deviation [28],
where Pi, i � 1; 2; 3;…N, is the ith value of the opti-
cal signal, i.e., the power of the reflected He–Ne
beam. The reflected power wasmeasured at different
times to obtainN signals for the same source temper-
ature. The SITF of the detector can be obtained by
considering SITF � �P̄s − P̄BG�∕�Ts − TBG�, where P̄s
and P̄BG are the average reflected powers of
the He–Ne beam at the source and background
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Fig. 6. Effects of dopant concentration on the MWIR detectibility of the SiC detector and comparison between theoretical and exper-
imental results: (a) theoretical detectivity for each noise source and (b) total theoretical and experimental detectivity. The detectivity
was determined by keeping the detector and radiation source at 25°C each.
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temperatures Ts and TBG overNs andNBG number of
data points, respectively. It should be noted that Ts
and TBG need to be chosen properly [29] so that
Ts − TBG ≠ 0. In this study, the stainless steel radia-
tion source was kept at three temperatures equaling
25°C, 35°C, and 45°C and the power of the reflected
He–Ne beam was measured at each temperature.
Typical data for the reflected power are presented
in Fig. 7. One hundred values (N � 100) of the re-
flected power were chosen arbitrarily for each tem-
perature to determine NETDExp.

The average values of the reflected power for the
four-pass sample are P̄r;1 � 752 nW, P̄r;2 � 756 nW,
and P̄r;3 � 767 nW at Ts � 25°C, 35°C, and 45°C,
respectively, and the corresponding standard devia-
tions are σ1 � 0.9 nW, σ2 � 0.51 nW, and σ3 �
0.9 nW. Using two pairs of data at 25°C and 35°C,
and at 35°C and 45°C, the SITFs are obtained as
SITF12 � 0.599 nW∕K and SITF13 � 0.126 nW∕K,
respectively, and the corresponding values of
NETDExp are NETD12 � 1505 mK and NETD13 �
404 mK. Similarly, experimental results were used
to determine the NETDExp of other samples (one-,
two-, and three-pass samples) for different dopant
concentrations and the NETDExp was found to vary
from 1.505 K to 404 mK as the dopant concentration
increases from 1.15 × 1019 to 6.25 × 1020 cm−3,
respectively. For the four-pass sample, however,
the theoretical NETDTh was found to be 25.3 mK
based on the noise mechanisms listed in Table 1.
These results are presented in Figs. 8(a) and 8(b).
Figure 8(a) shows the effect of different noise mech-
anisms on the theoretical NETDTh as a function of
the dopant concentration in SiC. Figure 8(b), on the
other hand, compares the experimental NETDExp
with the theoretical results. The difference between
the theory and experiment may be due to the same
reasons as those in the case of detectivity.

6. Conclusion

An n-type 4H-SiC substrate has been doped with Ga
using a laser doping technique and the doped sample
operates as an uncooled optical photodetector in the
MWIR range. The detector produces optical signals
in contrast to the electrical signals produced by con-
ventional electrical photodetectors. The dopant con-
centration was varied to examine the effects of
dopant concentration on the detectivity and NETD
of the optical photodetector. Since the signal-to-noise
ratio affects the detectivity and NETD, the noise
mechanisms in various components of the detector
system have been analyzed theoretically. Four major
noise sources are (i) interaction of the incidentMWIR
photons with the doped SiC sample, (ii) He−Ne laser
power noise due to intensity and frequency fluctua-
tions, (iii) interference of the He–Ne beam due to
multiple reflections inside the doped SiC sample,
and (iv) interaction of the reflected He–Ne laser with
the Si detector. For the MWIR wavelengths at 4.21
and 4.63 μm, the experimental detectivity of the op-
tical photodetector is 1.07 × 1010 cm · Hz1∕2∕W based
on experimental data in the case of the sample doped
with Ga using four laser passes, while the theoretical
value is 1.11 × 1010 cm · Hz1∕2∕W when both the de-
tector and radiation source were at 25°C. The corre-
sponding experimental and theoretical values of
NETD are 404 mK and 15.5 mK, respectively. The
discrepancy between the experimental and theoreti-
cal results may be due to the misalignment of various
optical elements, optical signal loss due to the scat-
tering of the He–Ne beam, and photoexcited carrier
loss due to diffusion, absorption, and scattering in
the SiC substrate.

Appendix A

The rate of change of free carrier density can be
obtained by
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Fig. 8. Effects of dopant concentration on the MWIR detectibility of the SiC detector and comparison between theoretical and exper-
imental results: (a) theoretical NETDTh for each noise source and (b) total theoretical and experimental (NETDExp) values of NETD.
NETDExp was obtained by keeping the detector at 25°C and the radiation source at 35°C and 45°C.
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:

The photoexcited rate of free carriers within the
doped SiC detector per unit volume depends on the
absorbed irradiance Ia, the internal quantum effi-
ciency ηi;SiC, the detector areaASiC, and the photon en-
ergyhνM, as �Iaηi;SiCASiC∕hνMV�. Thephoto-generated
carriers decay based on their recombination lifetime
τr, and this decay is approximated as ΔNc∕τr. The
other term of free carrier loss is by diffusion. The free
carriers are diffusing into the detector area ASiC with
the diffusivity D at a diffusion rate ofDASiC�ΔNc∕lD�,
which represents the number of photoexcited carriers
diffusing per unit time,where the diffusion length (lD)
is expressed as lD ≈

������������
4Dτd

p
for two-dimensional diffu-

sion [30]. The characteristic diffusion time is τd before
recombination occurs, and τd is taken as the MWIR
irradiation time. The rate of free carrier loss by diffu-
sion per unit volume is written as �ΔNcASiC∕V���������������
D∕4τd

p
, which becomes ΔNc∕dd

��������������
D∕4τd

p
by consider-

ing the detector volume V as the product of the detec-
tor area and the depth of the doped region (dd).
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