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Microcavity array IR photodetector

A.K. Esman, V.K. Kuleshov, G.L. Zykov

Abstract. An original microcavity array IR photodetector is
proposed and the sensitivity and response time of its pixels
are calculated. A photosensitive element represents a
composite silicon microcavity made of two optically coupled
closed waveguides on a dielectric substrate whose resonance
wave depends on its temperature. This dependence is used to
detect IR radiation which heats an absorbing element and the
composite microcavity thermally coupled with this element. It
is shown that for a spatial resolution of 45 pm, the time
response is 30 ms and the sensitivity is 103 K at the IR
radiation power of ~ 4.7 x 10" W element .

Keywords: array IR image converter, composite microcavity, laser,
photodetector.

1. Introduction

Increasing interest in using infrared imaging for solving a
variety of scientific and applied problems stimulates the
search for new methods of converting IR images to the
visible region and the investigation of array IR photo-
detectors featuring better operating parameters at a lower
cost [1, 2].

At present intensive research works are under way
toward the development of IR radiation converters for
various applications. First of all, this is explained by the
fact that the field of practical applications of infrared
imaging devices and systems steadily expands due to the
use of new and improvement of known array IR image
converters.

The main parameters of array IR devices are the
sensitivity of the array converter element, which determines
the minimal temperature drop that can be detected, and the
time constant determining the response time of the IR
detector.

In this paper, we consider an original microcavity array
IR photodetector, which can be used for the development of
IR converters of a new type [3]. As a photosensitive element,
we propose to use a composite microcavity consisting of two
optically coupled closed waveguides on a dielectric substrate
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whose resonance wavelength depends on its temperature.
This dependence, as will be shown below, is used to detect
IR radiation that heats the absorbing element and the
composite microcavity thermally coupled with it.

2. Operation principle of a microcavity array IR
photodetector

We consider the operation of the IR photodetector by the
example of functioning of one of its pixels (Fig. 1). In the
initial state, when IR radiation does not fall on the
photodetector, substrate (/) and all the elements located on
it have temperature 7T of the environment. The radiation
frequency of tunable waveguide laser (7) is set equal to the
resonance frequency of composite microcavity (/4) made
of optically coupled closed waveguides (9) and (10) [4].
For this purpose, besides the injection current flowing
through active medium (3) of laser (7), the electric bias
voltage is fed to its output Bragg reflector (4) via electrodes
(6), at which radiation of this laser from input waveguide
(8), according to the optical coupling coefficient, is coupled
successively to closed waveguides (9) and ( /0). The optical
coupling coefficient k; of waveguides (8) and (9) is
specified by the width of the gap between them and the
length of the interaction region of these elements and can be
chosen considerably smaller than unity. Because of this,
only a small part of the output optical power of laser (7) is
used for the operation of one pixel of the IR array, while
the rest of the output radiation power can be directed on
the inputs of other pixels. In output waveguide (/2) an
optical signal appears at the laser frequency with the
amplitude determined by the value of the resonance
characteristic of composite microcavity (/4) at this
frequency. Infrared radiation of power P is focused by
optical system (/5) on absorbing element ( /7). As a result,
the temperature and linear size of absorbing element (/1)
and both closed waveguides (9) and (10) of composite
microcavity ( /4) begin to change because all these elements
are in a thermal contact. This leads to the frequency shift of
the resonance absorption band of microcavity (/4) with
respect to its initial position. The part of the output power
of laser (7) entering to output waveguide ( /2) from closed
waveguide (/0) depends on the value of this shift.
Therefore, the amplitudes of the optical signal in waveguide
(12) and of the corresponding output electric signal of
photodetector (/3) change.

The dependences of the change in the part of the output
power of laser (7) entering to microcavity ( /4) from input
waveguide (8) and transmitted then to output waveguide
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Figure 1. Schematic view of pixel elements (a) and the cross section of
composite microcavity (/4) along the AA line in Fig. la (b): (/)
substrate; (2, 4) Brag reflectors; (3) active laser medium; (5, 6)
electrodes for delivering the injection current and applying the bias
voltage; (7) waveguide laser; (8, 12) input and output waveguides; (9,
10) closed waveguides; (/1) absorbing element; (/3) photodetector;
(14) composite microcavity; (15) optical system (for example, objec-
tive); (16 ) buffer layers; i is a layer number.

(12) on the shift of the resonance wavelength of the
microcavity and optical coupling coefficients were deter-
mined by mathematical simulations.

3. Analysis of the main parameters
of a photosensitive element

We will estimate the main parameters of one pixel of the IR
photodetector formed by successively coupled linear (8, 12)
and closed (9, 10) waveguides by considering only one TM
component E. of the wave, for which the D’Alembert
equation is valid [5]. The transient characteristics of the
photosensitive element were numerically simulated based on
two-dimensional D’Alembert equations in Cartesian coor-
dinates x, y for straight waveguides (8) and (/2) and in
cylindrical coordinates p, ¢ for closed waveguides (9) and
(10):

0’E.
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where n, and n, are the effective refractive indices of
materials of input (8) and output (/2) waveguides and

closed waveguides (9) and ( 10), respectively; ¢ is the speed
of light in vacuum; and ¢ is time.

Equations (1) and (2) were supplemented with initial and
boundary conditions. Calculations by these equations were
performed by using the explicit numerical ‘cross’ scheme [6].
The spatial and time derivatives in wave equations (1) and
(2) had the form
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where [, m, and n are integers.

Because calculations were performed for a certain finite
region, the wave function at its boundaries was set equal to
zero, while a signal at the input of waveguide (8) was
written in the form

)

2
E.(xg=0,y,1) = Ejexp {f ()’:17570)} sin(2nft). 5)

The distribution of the electromagnetic field component E.
in the interaction region of input waveguide (&) and closed
waveguide (9) was calculated by the expression

2
E.(p,9,1) = Ey exp { ez plcosel } sin(2nfi), (6)

where E, is the signal amplitude at the input of waveguide
(8); E; is the amplitude of the signal arrived at closed
waveguide (9); f'is the carrier frequency; and the values x,,
Yo» Po» @y = 0, and constant a specify the shape and spatial
distribution of the input signal.

Wave equation (1) was solved by specifying intervals Ax
and Ay smaller than the input radiation wavelength, and the
time sampling step was chosen taking into account the
Courant stability condition [6]

1
<
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The relation between variables during the solution of
wave equation (2) in cylindrical coordinates was specified
similarly. The calculated resonance parameters were com-
pared with experimental data for a ring silicon microcavity
of radius 5 um [7]. The calculated FWHM of the absorption
band of the photosensitive element coincided with the
experimental width within 2 %.

The composite microcavity (Fig. 1) was simulated by
assuming that coefficients k; and k3 of optical coupling of

(N
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input (8) and output (/2) waveguides with corresponding
closed waveguides (9) and ( /0) are equal to 0.224, while the
coefficient k, of optical coupling between closed waveguides
was chosen in the interval from 0.002 to 0.02.

The numerical simulation was performed for waveguides
made of silicon with the thermal expansion coefficient of
2.5 % 107® K™' [8] and having thickness and width 0.5 pm.
The length of straight waveguides (8) and (/2) was set
equal to 11 pm, while the radius of closed waveguides (9)
and (/0) was 10 pum. The output power of laser ( 7) at input
waveguide (&) used in all calculations was 1 mW. The
parameters of the pixel were estimated by calculating its
resonance transmission bands [dependences of signals EZ2,
at the output of waveguide ( /2) on the wavelength] (Fig. 2)
and dependences of the maximum values of the output
optical signal and the FWHM of the resonance transmission
band on the coupling coefficient k, between closed wave-
guides (9) and (10) (Fig. 3). The curves presented in Fig. 3
demonstrate a strong dependence of the output signal
amplitude on the coupling coefficient k,, which can be
used to provide the equality of the output optical power for
all photosensitive elements located along input waveguide
(8). To accomplish this, the coupling coefficients k, should
linearly change, for example, from 0.002 to 0.02. One can
see from Fig. 2 that the resonance transmission band is
shifted from its initial position when temperature is changed
by 0.5 K. For k, =0.02 and the output power of the
waveguide laser equal to 1 mW, the linear region of the
resonance transient characteristic corresponds to the change
of the optical signal power by 0.28 mW. To provide the
signal-to-noise ratio of no more than 16 at the output of
photodetectors used in practice, the incident radiation
power should be ~1.85x 107* mW [4, 9]. This means
that the minimal temperature change that can be detected
is 3.3 x 107* K, which is 1.8 times greater than the limiting
sensitivity of thermal imaging detectors [10]. The reading
time of information from a photosensitive element is
determined by the establishment time of the optical signal
amplitude in output waveguide ( /2), which is 27 ps for the
composite microcavity of size under study [11], and by the
response time of the photodetector.
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Figure 2. Resonance transmission bands of the sensitive element of the
silicon IR photodetector for coupling coefficients k, = 0.002 (7, 1),
0.005 (2, 2'), 0.01 (3, 3"), and 0.02 (4, 4'). The solid curves are
transmission bands at the initial temperature of closed waveguides (9)
and (10), the dashed curves are transmission bands at temperature
changed by 0.5 K.
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Figure 3. Dependences of the maximum values of the output signal and
the FWHM of the transmission band of the photosensitive element of the
IR photodetector on the coupling coefficient k, between closed wave-
guides.

To estimate the response time of a pixel to an IR signal
and its threshold parameters, we analysed the transfer of
thermal energy for absorbing element ( /7) to closed wave-
guides (9) and (/0) by numerical simulations based on the
one-dimensional heat conduction equation [12]

oT 0 oT .
piCja— ax (kl§> "—Q(X7 l‘)7 1= 1727...7 N (8)

under boundary and initial conditions

oT
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where 7 is the number of a layer of the photosensitive
element; p;, ¢; and k; are its density, heat capacity, and heat
conduction, respectively; T is temperature; Q(x,?) is a
function of a thermal source; d is the thickness of the
sensitive element; and 7} is the initial temperature.

The temperature field in the sensitive element of the IR
photodetector satisfies the conditions of joining of its
elements made of different materials at interfaces x = ¢:

T,=T, forx=¢ j=1,..,4 (10)
oT; oT;

k—t kS 11
J Ox et J+1 ox s ’ ( )

where the subscript j = 1 corresponds to absorbing element
(11) made of niello on gold [13]; j = 2 and 4 corresponds to
the upper and lower SiO, buffer layers; j =3 — to closed
optical silicon waveguides (9) and (10); j+ 1 =5 corre-
sponds to silicon substrate (/); 7; and T, are
temperatures of contacting surfaces of the jth and j+ 1th
elements made of different materials; k; and k;;, are the
heat conductivities of corresponding elements.

The thermal source function Q(x, ¢) in heat conduction
equation (8) describes heat release in the ith layer of the jth
element during heat transfer:
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O(x, 1) = {(1 - R)goc,-(x) exp {fjxoci(x')dx'} },—’ (12)

i 0

where R is the reflectance of absorbing element (77); o;(x)
is the absorption coefficient of the ith layer of the jth
element; P is the incident IR radiation power; S; is the area
of the ith layer of the sensitive element under study.
Numerical simulation was performed for the absorbing
element of thickness 2.5 um and the heat capacity of its unit
area equal to 8.368 x 107> J cm ™2 K~! [13]. The sizes of
upper and lower buffer layers (/6) and closed optical
waveguides (9) and ( /0) are the same and presented above.
The dependences of the maximum temperature varia-
tions of composite microcavity (/4) and their establishment
time on the input power density PR for different IR
radiation exposure times are presented in Fig. 4. Figure 5
shows the time dependences of the temperature variation of
the sensitive element for the minimal IR radiation exposure
time of 1 ms and radiation power densities of ~ 1.4x1072
and ~ 2.8 x 107> W cm 2. In this case, the radiation power
incident of each photosensitive element was 10~/ and
2 x 1077 W, respectively. One can see from these depend-
ences that the response time of the photosensitive element
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Figure 4. Dependences of the maximum temperature variations of closed
waveguides (9, 10) and the response time on the IR radiation power PR
for radiation exposure times 1 (7, 1’), 20 (2, 2"), and 30 ms (3, 3").
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Figure 5. Time dependences of the temperature variation AT of closed
waveguides (9) and ( /0) for the exposure time 1 ms and the incident IR
radiation power density PR —1%x1077 (/) and 2 x 1077 W element ™!

(2).

exposed to IR radiation and the relaxation time of this
element after the termination of irradiation are 3 and
26.3 ms for power densities indicated above.

4. Conclusions

The expected time constant determining the response time
of one photosensitive element to the IR signal variation,
taking into account the response time of the photodetector,
is 30 ms. Therefore, it is possible to built a microcavity
array IR photodetector with the full-frame scanning rate
above 30 Hz.

To achieve the temperature contrast ~ 1073 K, the IR
radiation power density incident on the photosensitive
element under study should be ~ 162 x 1075, ~ 5.8x
108 and ~4.7x107% W for exposure times 1, 20, and
30 ms, respectively.
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