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We propose a substrate-free focal plane array (FPA) in this paper. The solid substrate is completely removed,

and the microcantilevers extend from a supporting frame. Using finite element analysis, the thermal and mechanical

characterizations of the substrate-free FPA are presented. Because of the large decrease in thermal conductance, the

supporting frame is temperature dependent, which brings out a unique feature: the lower the thermal conductance

of the supporting frame is, the higher the energy conversion efficiency in the substrate-free FPA will be. The results

from the finite element analyses are consistent with our measurements: two types of substrate-free FPAs with pixel

sizes of 200×200 and 60×60 µm2 are implemented in the proposed infrared detector. The noise equivalent temperature

difference (NETD) values are experimentally measured to be 520 and 300 mK respectively. Further refinements are

considered in various aspects, and the substrate-free FPA with a pixel size of 30×30 µm2 has a potential of achieving

an NETD value of 10 mK.
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1. Introduction

Infrared (IR) is the second most intense radiation

band in our environment, its detection and imaging

have extensive applications in industrial, military, and

commercial fields.[1,2] Up to now, different types of

IR detectors have been developed. They are broadly

grouped into two main categories: photon (cooled)

and thermal (uncooled).[3] In photon detectors the ra-

diation is absorbed within the material by the interac-

tion between electrons either bound to lattice atoms or

to impurity atoms or between free electrons. The ob-

served electrical output signal results from the change

of electronic energy distribution. Photon detectors

typically exhibit both perfect signal-to-noise perfor-

mance and a very fast response. But cooling require-

ments are the main obstacle to more extensive applica-

tions. In contrast, thermal detectors operate based on

a simple principle, i.e. when the detectors are heated

by incoming IR radiation their temperature increases

and the temperature change can be measured by any

temperature-sensitive mechanism, such as thermoelec-

tric voltage, resistance, pyroelectric voltage.

In recent years, advances in micro-electro-

mechanical systems (MEMS) have led to the devel-

opment of thermal detectors operating as microcan-

tilever ones.[3] The microcantilever deflection induced

by the temperature change is measured by various

readout schemes, such as capacitive, piezoresistive,

and optical readout schemes. Researchers have de-

signed a number of architectures in the development

of IR FPAs.[4−10] But traditionally all types of FPAs

are substrate arrays, that is, the microcantilevers are

typically suspended on a solid silicon (Si) substrate

with a gap of 2–3 µm. This solid substrate is usu-

ally considered to be a temperature-independent one

due to its high heat capacity, and each microcantilever

functions independently. Such a design brings out a

common issue about the energy conversion efficiency

H, defined as the temperature change of microcan-

tilevers ∆TC due to the temperature change of IR

sources ∆TS: when researchers reduce the pixel size

to achieve some potential benefits, such as a higher

spatial resolution, the energy conversion efficiency will

decrease so sharply that the detector sensitivity is se-

riously limited. Based on the deductions of Zhao et
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al.[9] the energy conversion efficiency would decrease

from 6% to 0.2% when the pixel size changes from

110 to 25 µm. Although there are some ways to im-

prove the energy conversion efficiency, such as using

the strategy of resonance cavity, the overall level of

fabrication complexity reported previously has enor-

mously increased.

We proposed a substrate-free FPA that involves

only several simple fabrication steps in 2004.[11] The

solid substrate has been completely removed and the

microcantilevers extend from a supporting frame. Up

to now, several batches of such an FPA with differ-

ent pixel sizes have been fabricated successfully.[11−14]

When they are implemented in the proposed IR de-

tector with optical readout, the detector sensitivity

increases with the decrease of pixel size. This ten-

dency of change in sensitivity is quite contrary to

a conventional understanding of the substrate FPA.

Therefore, this work attempts to analyse and demon-

strate the thermal and mechanical characterizations

of the substrate-free FPA. Using finite element analy-

sis, some figures of merit commonly used in the field

are estimated. Meanwhile in order to reveal the ad-

vantages of the substrate-free FPA, characterizations

of the substrate FPA have also been conducted.

2. Design and fabrication

The geometry of a single pixel (microcantilever)

of the substrate-free FPA is illustrated in Fig. 1.

Each pixel, extending from a supporting frame, con-

sists of an IR absorber (or reflector), temperature-

dependent bimaterial regions, and thermal isolation

regions. Here, the IR absorber is designed to provide

both absorption of the radiation and the reflection of

the probing light, and bimaterial regions are folded

to accommodate a larger deflection angle of the IR

absorber.

Fig. 1. Geometry of a single pixel (microcantilever) of

the substrate-free FPA.

Figure 2 shows the basic fabrication steps of the

substrate-free FPA. (a) It starts with a double side

polished Si wafer with a thickness of 300 µm. (b)

Two low stress SiNx films are then deposited on the

double sides of the Si wafer by low pressure chemi-

cal vapour deposition (LPCVD). (c) Then the induc-

tively coupled plasma (ICP) etching is used to pattern

a wet-etching window on the backside of the Si wafer.

(d) On the front side, the ICP etching is used again

to pattern the SiNx geometry. (e) Lift-off technol-

ogy is followed to form the two-fold interval-metalized

architecture. In order to decrease the undesired de-

formations in the IR absorber, only a 50 Å Au layer

is deposited here. (f) The final step is to remove the

Si substrate by using wet etching. It is notable that

the overall level of the fabrication complexity is signif-

icantly low as compared with that of the fabrications

reported previously.

Fig. 2. Basic fabrication steps of the substrate-free FPA.

(a) It starts with a double side polished Si wafer. (b)

Two low stress SiNx films are then deposited on the

double sides by low pressure chemical vapour deposition

(LPCVD). (c) Then inductively coupled plasma (ICP)

etching is used to pattern a wet-etching window on the

backside of the Si wafer. (d) On the front side, ICP etch-

ing is used again to pattern the SiNx geometry. (e) The

lift-off technology is followed to form the two-fold interval-

metalized architecture. (f) The final step is to remove the

Si substrate by using wet etching.

3. Thermal and mechanical char-

acterizations

In order to gain an insight into the performance

of the substrate-free FPA, finite element analysis is
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utilized to simulate the thermal and mechanical char-

acterizations.

As a thermal detector, the microcantilevers are

not always in a thermal equilibrium state. The tran-

sient characteristic therefore plays an especially im-

portant role in investigating the performance of the

substrate-free FPA. However, in the uncooled IR de-

tectors, the microcantilevers are always installed to

function in the thermal equilibrium state for high

quality thermal images, namely, the sampling time

of the IR detector must be longer than the thermal

response time τ of microcantilevers. In the author’s

work, the substrate-free FPA generally functions with

a sampling time of 40 ms (25 frames/s for the real

time thermal video). Therefore, in the present paper

the thermal response time τ is used to give a rough

understanding of the transient characteristic, and our

attention is mainly paid to the steady-state analysis.

A simplified analysis of the temperature of micro-

cantilevers, which does not require knowledge of the

microcantilever mechanism, was performed.[15] Con-

sidering the IR system to be initially at ambient tem-

perature T0 (=298 K) and the incident heat flux q

(10 pW/µm2), the temperature of microcantilevers TC

will follow[16]

ρV c
dTC

dt
= −Gall(TC − T0) +Aq, (1)

where ρ is the density of material, V the volume of

microcantilevers, c the heat capacity, A the effective

absorbing area, and Gall the total thermal conduc-

tance, which contains primarily two parts: (1) heat

transfer path, delivering from the microcantilevers to

the supporting frame. Namely, the microcantilevers

and the supporting frame are connected in series in

the thermal circuit, and the thermal conductances of

the microcantilevers Gcan and the supporting frame

Gfrm therefore can be equivalent to a parallel connec-

tion; (2) heat loss through radiation Grad. Heat loss

through convection can be neglected for the vacuum

environment (≤ 1 Pa).[17] Namely, the total thermal

conductance Gall can be expressed as

Gall =
GcanGfrm

Gcan +Gfrm
+Grad. (2)

It is notable that the selection of the incident heat

flux is based on a typical temperature variation of

about 20 K for the IR sources at room temperature.

According to the proposed IR system, the incident

heat flux q can be expressed as[16,18]

q =
ζεπ

4F 2
no

·∆TS ·
(

dP

dTS

)
8−14 µm

, (3)

where ζ is the optical transmissivity of the IR system

(= 0.9), ε the total emissivity of the material (=0.81),

Fno the F -number of the IR lens (=0.8), TS the tem-

perature of the IR source, and (dP/dTS)8−14 µm is a

fraction of the radiative energy emitted by a black-

body target within the spectral band from 8 to 14 µm

(=0.63 W·m−2·K−1·sr−1). Based on an incident heat

flux of 10 pW/µm2, the temperature variation of IR

sources ∆TS will be estimated to be about 18 K.

When the IR system is in thermal equilibrium

with the surroundings, the transient part of Eq. (1)

can be eliminated, and the temperature change of mi-

crocantilevers ∆TC would be

∆TC = TC − T0 =
Aq

GcanGfrm

Gcan +Gfrm
+Grad

. (4)

Hence, it becomes obvious that ∆TC, as a function of

Gfrm, will increase with the decrease of Gfrm.

Based on the above analyses, and using the ma-

terial properties and structural parameters in Table

1 and Table 2, the three-dimensional (3-D) finite ele-

ment model (FEM) with 80×80 pixels was developed.

The steady-state thermal analysis of the substrate-

free FPA was performed. Meanwhile, in order to re-

veal the advantages of the substrate-free FPA, steady-

state thermal analysis of the substrate FPA was also

conducted. Here, the substrate FPA means that the

geometry of the FPA is just the same as the substrate-

free FPA, but the supporting frame (or the Si sub-

strate) is considered to be a temperature-independent

one. Two kinds of thermal loads were designed in the

present paper.

Table 1. Material properties of the finite element models used.

material
density

Young’s expansion thermal heat

emissivity εmodulus coeff. cond. capacity
ρ/(103kg·m−3)

E/GPa α/10−6 K−1 k/(W·m−1· K−1) c/(J·kg−1·K−1)

SiNx 2.40 180 0.8 5.5 691 0.8

Au 19.3 73 14.2 296 129 0.01
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Table 2. Structural parameters of the finite element models used.

model No.
pixel size absorber size supporting frame width leg width Au layer thickness SiNx layer thickness

/µm2 /µm2 /µm /µm /µm /µm

1 200×200 180×130 10 2 0.2 2

2 60×60 53×21 3 2 0.2 0.3

3 30×30 28×20 1 0.5 0.2 0.3

3.1.The first kind of thermal load

For each FEM in Table 2, the heat flux

(10 pW/µm2) was used on only one pixel to evalu-

ate the performance of the substrate-free FPA. As an

example, Fig. 3 shows a close-up of the obtained tem-

perature distribution in FEM 2 (with a pixel size of

60×60 µm2). The temperature change ∆TC due to

the pixel absorbing heat flux is 0.32 K, increased by

about 28% as compared with the temperature change

∆TC of 0.25 K in the substrate FPA.

Fig. 3. Close-up of the temperature distribution (in units

of ◦C caused by the heat flux (10 pW/µm2) over one pixel

of FEM 2 (with a pixel size of 60×60 µm2).

This simulation result is consistent with expres-

sion (4).

For the substrate FPA, the supporting frame (or

the Si substrate) is considered to be a temperature-

independent one, that is, Gfrm = +∞ and Gall can be

simplified into

Gall = Gcan +Grad. (5)

Based on the deductions in Ref. [13] and [14], Gcan

and Grad can be expressed as

Gcan = 2

(
nLLeg

kSiNxASiNx + kAuAAu
+

nLLeg

kSiNxASiNx

)−1

,

(6)

Grad = 4σAab(εAu + εSiNx)T
3
C, (7)

where n is the multi-fold number (=2), ASiNx the

cross sectional area of the SiNx leg, AAu the cross

sectional area of the Au leg, k the thermal conductiv-

ity of the material, LLeg the leg length that equals the

length of the absorber, σ the Stefan–Boltzmann con-

stant (=5.67×10−8 W·m−2·K−4), and Aab the area

of the absorber. Therefore, the temperature change

∆TC in the substrate FPA can be calculated to be

0.17 K. This analytical calculation is consistent with

the simulation result of 0.25 K, and the discrepancy

between them can be attributed to the neglect of both

absorption and radiation of the legs in expression (6).

For the substrate-free FPA, the supporting frame

is a temperature-dependent structure (shown in

Fig. 3). Namely, Gfrm ̸= +∞ and exactly due to

its contribution, the temperature change ∆TC in the

substrate-free FPA would be higher than that in the

substrate FPA (increased by about 28% for FEM 2).

3.2.The second kind of thermal load

It is notable that there is temperature pre-change

in the neighbours without absorbing heat flux (Fig. 3).

This means that the temperature change of each mi-

crocantilever in the substrate-free FPA will be depen-

dent on both the IR absorption induced by itself and

the linear superposition of the temperature pre-change

induced by the neighbours. This thermal characteris-

tic could significantly increase the temperature change

and therefore improve the performance. This infer-

ence is supported by the following finite element anal-

ysis.

Considering that there are usually groups of pix-

els simultaneously absorbing IR radiation, 3.6 µW

(10 pW/µm2) heat flux was applied to the central area

of the FEMs. For the pixel sizes of 200×200, 60×60,

and 30×30 µm2, the numbers of the microcantilevers

absorbing heat flux can thus be calculated to be 9,

100, and 400 pixels respectively. The temperature

distributions obtained in such situations are shown in

Fig. 4. Figure 5 shows close-ups of the temperature

distributions in Figs. 4(a), 4(b) and 4(c). With the

decrease of pixel size, the temperature change in the

substrate FPA decreases sharply from 1.13 to 0.20 K.

However, the temperature change in the substrate-free

010701-4



Chin. Phys. B Vol. 19, No. 1 (2010) 010701

FPA is nearly at the same level, changing from 1.19 to

1.55 K, and seems to bear no direct relation to pixel

size. For the substrate FPA, the supporting frame (or

the Si substrate) is considered to be a temperature-

independent one, the microcantilevers therefore func-

tion independently, and there is no difference between

the two kinds of thermal loads. Based on expressions

(4)–(7), the values of temperature change ∆TC of

1.19, 0.25, and 0.20 K in the substrate FPA (shown in

Figs. 4 (b), 4(d), and 4(f) can also be calculated to be

1.07, 0.17, and 0.18 K respectively. The discrepancies

among them can be attributed to the neglect of both

absorption and radiation of the legs in expression (6).

Fig. 4. Temperature distributions (in units of K) in [(a), (c),

(e)] the substrate-free FPA and [(b), (d), (f)] the substrate

FPA. The 3.6 µW (10 pW/µm2) heat flux is applied to the

central area of the models. For the pixel sizes of 200×200,

60×60, and 30×30 µm2, the numbers of the microcantilevers

absorbing heat flux can thus be calculated to be 9, 100, and

400 pixels respectively.

For the substrate-free FPA, the supporting frame is

a temperature-dependent structure (shown in Fig. 5),

the temperature change ∆TC of each microcantilever

therefore comes from two parts: (i) the incident IR en-

ergy absorbed by itself. This portion of ∆TC can be

evaluated by expressions (2) and (4); (ii) the linear su-

perposition of the temperature pre-change induced by

the neighbours. Hence, a significant increase in ∆TC

can be achieved for the substrate-free FPA. As can be

seen in Fig. 4, the values of ∆TC of 1.19, 1.23 and

1.55 K in the substrate-free FPA increase by about

0.05, 3.9 and 6.8 times those in the substrate FPA

respectively. It is noticeable that the increment for

FEM 1 is much less than those for FEM 2 and FEM 3

mainly because the thermal conductance of the sup-

porting frame Gfrm for FEM 1 is still relatively large

(the cross sectional area of the supporting frame is

10×2 µm2 for FEM 1, but 3×0.3, and 1×0.3 µm2 for

FEM 2 and FEM 3 respectively). As can be seen from

Fig. 5(a), the average temperature change of the sup-

porting frame is only about 0.35 K for FEM 1, there-

fore the thermal behaviour of FEM 1 is more similar

to that of the substrate FPA.

Fig. 5. Close-ups of the temperature distributions in units of
◦C in Figs. 4(a), 4(c), and 4(e). The temperature boundary

condition is a constant temperature , i.e. 25 ◦C.
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Finally, using the simulation results described

above, some figures of merit commonly used in the

field were estimated and listed in Table 3. The total

thermal conductance Gall of each microcantilever is

calculated to be

Gall =
Aabq

∆TC
, (8)

where the used data of ∆TC comes from the first kind

of thermal load. The thermal response time τ is cal-

culated to be

τ =
C

Gall
, (9)

where C is the heat capacity of the IR absorber.

Note that in order to function at least at 25 frames/s

for the real-time thermal video, a response time of

less than 40 ms is essential. Then a comparison

of the energy conversion efficiency H between the

substrate/substrate-free FPA was performed. Practi-

cally considering that there are usually groups of pix-

els simultaneously absorbing IR radiation, the tem-

perature change ∆TC caused by the second kind of

thermal load (as shown in Fig. 4) was utilized. The es-

timates in Table 3 indicate that the lower the thermal

conductance of the supporting frameGall is, the higher

the energy conversion efficiency H in the substrate-

free FPA will be. The decreasing trend in the sub-

strate FPA, namely that the energy conversion effi-

ciency decreases with decreasing pixel size, has been

completely avoided. It is worth noting that the strat-

egy of the substrate-free FPA is compatible with many

other types of uncooled IR detectors.

Table 3. Some figures of merit commonly used in the field.

model No. thermal conductance Gall thermal response time τ energy conversion efficiency H

/(W/K) /ms substrate-free FPA substrate FPA

1 2.35×10−7 330 6.6% 6.3%

2 3.49×10−8 16 6.8% 1.4%

3 2.30×10−8 12 8.6% 1.1%

Although the temperature pre-change (shown in

Fig. 3 and 4) will significantly increase the tempera-

ture change of microcantilevers ∆TC in the substrate-

free FPA, it is, in other words, the thermal cross

talk, which brings out a suspicion that the modulation

transfer function (MTF) of the substrate-free FPA will

not be particularly good. Here, the MTF is the mod-

ulus of the optical transfer function (OTF),[19] which

is the Fourier transform of the point spread function.

Therefore, the MTF describes the response of an op-

tical system to an image decomposed into sine waves.

In other words, the MTF is a measure of the ability

for the FPA to transfer contrast from the specimen

(maybe IR sources) to the FPA at a specific resolution.

Finite element analysis therefore is utilized to present

some rough understanding about this. Taking a pixel

size of 30×30 µm2 for example, 10 pW/µm2 heat

fluxes with different spatial resolutions were applied to

the FEM, and the temperature distributions obtained

are shown in Fig. 6. When the heat flux is at a coarse

spatial resolution, the MTF of the substrate-free FPA

is particularly good. However, with the increase of

spatial resolution, the MTF decreases from excellent

to poor. Especially when the heat flux is with a spa-

tial period of two pixels (Fig. 6(d)), the MTF value is

only 0.11. It is worth noting that the average temper-

ature change in Fig. 6(d), however, is estimated to be

1.00 K, increasing to about 4.0 times that of the sub-

strate FPA. This means that the substrate-free FPA

has an enormous advantage in IR target recognition

and an excellent performance for the most common

applications, but with a decline in MTF especially

when the IR target is at a fine spatial resolution.

On the other hand, the MTF can be improved

by further refinement of the supporting frame. Figure

7 shows the merits simulated by decreasing thermal

conductance of the supporting frame Gfrm from in-

finity (corresponding to the substrate FPA) to zero.

With the decrease of thermal conductance Gfrm, not

only the thermal cross talk weakens, but also the tem-

perature change ∆TC increases, which is consistent

with the result from expression (4). If Gfrm could

theoretically decrease to zero, there will exist only ra-

diative heat exchange Grad. The thermal cross talk

therefore can be eliminated completely and the tem-

perature change ∆TC will reach the maximum limit

of 1.78 K. Actually this refinement presents a way

to achieve an FPA with smaller pixel size and better

performance, because with the decrease of pixel size,

the cross sectional area of the supporting frame will

usually decrease, and the thermal conductance of the

supporting frame Gfrm therefore will also decrease.
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Fig. 6. Temperature distributions (in units of K) caused by the 10 pW/µm2 heat flux with different spatial

resolutions over the substrate-free FPA (with a pixel size of 30×30 µm2).

Fig. 7. Temperature distributions in the 40th column of the model simulated by gradually decreasing thermal

conductance of the supporting frame. The 3.6 µW (10 pW/µm2) heat flux is applied to the central area of the

model (with a pixel size of 30×30 µm2).

The thermo-mechanical sensitivity ST is also a

key parameter in evaluating the performance of FPAs,

and it is defined as the deflection of microcantilevers

∆z to the temperature change of microcantilevers

∆TC (namely, ST = ∆z/∆TC). In order to achieve a

higher sensitivity, we proposed the two-fold interval-

metalized architecture (shown in Fig. 1). Let S′
T be

the thermo-mechanical sensitivity of only one fold.

For the substrate FPA (or the substrate-free FPA but

with a small temperature change in the supporting

frame as shown in Fig. 5(a)), there is a linear tempera-

ture gradient in the thermal isolation region delivering
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from the IR absorber to the supporting frame.[14] The

temperature change in the second fold is only about

50% of that in the first fold. The thermo-mechanical

sensitivity therefore can be evaluated to be 1.5×S′
T.

If the substrate-free FPA, however, has a remarkable

temperature change in the supporting frame as shown

in Figs. 5(b) and 5(c), the temperature change in the

two-fold interval-metalized architecture is almost at a

similar value, very close to that in the IR absorber.

The thermo-mechanical sensitivity therefore can be

evaluated to be 2.0×S′
T, i.e. it increases by about 33%

as compared with the substrate FPA. This inference is

well supported by the finite element analysis. By ap-

plying the temperature distributions (shown in Fig. 4)

obtained from the second kind of thermal load to the

FEMs, structural static analysis was then performed,

and as a result Fig. 8 shows the deflection distributions

of the microcantilever. The largest deflections occur at

the ends of the IR absorbers. The values of the corre-

sponding thermo-mechanical sensitivity ST are listed

in Table 4. Here, the thermo-mechanical sensitivity

ST is calculated by first measuring the perpendicular

distance from the tip of the IR absorber to the plane

of the FPA and then dividing the measured distance

by the corresponding temperature change. In order

to be consistent with the previous work, the thermo-

mechanical sensitivity is also expressed as a ratio of

deflection angle ∆θ to temperature change ∆TC. Note

that the behaviour of FEM 1 is more similar to that

of a substrate FPA, therefore the thermo-mechanical

sensitivity ST increases by only 16% as compared with

the substrate FPA. For FEMs 2 and 3, the values of

thermo-mechanical sensitivity ST increase by about

25% and 31% respectively as compared with those for

the substrate FPA.

Fig. 8. Deflection distributions of the microcantilevers caused by the temperature distributions shown in Fig. 4.
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Table 4. Thermo-mechanical sensitivities of the substrate/substrate-free FPAs obtained by struc-

tural static analysis.

model No. type of the FPA temperature change ∆TC deflection ∆z thermo-mechanical sensitivity ST

/K /nm /(nm/K) /(×10−3 rad/K)

1
substrate-free FPA 1.19 46.9 39.4 0.44

substrate FPA 1.13 38.5 34.1 0.38

2
substrate-free FPA 1.23 99.7 81.1 3.06

substrate FPA 0.25 16.2 64.8 2.45

3
substrate-free FPA 1.55 37.5 24.2 1.73

substrate FPA 0.20 3.7 18.5 1.32

In general, primarily benefiting from the

temperature-variable supporting frame, the substrate-

free FPA demonstrates an excellent thermal response,

which is defined as the deflection angle of micro-

cantilevers ∆θ due to the temperature change of IR

sources ∆TS (namely, H × ST). If the thermal con-

ductance of the supporting frame Gfrm is still rela-

tively large, the behaviour of the substrate-free FPA

will be more similar to that of the substrate FPA,

and there is no obvious improvement on performance.

The thermal response of FEM 1 only increases by

about 20% as compared with that of the substrate

FPA. However, if the thermal conductance of the sup-

porting frame Gfrm decreases obviously, the thermal

response of the substrate-free FPA will increase sig-

nificantly. For FEMs 2 and 3, the thermal responses

of 2.08×10−4 and 1.49×10−4 rad/K increase by about

5 and 10 times respectively as compared with those of

the substrate FPA.

4. Experiments and results

The finite element analyses, as described above,

were validated experimentally by using the substrate-

free FPAs with pixel sizes of 200×200 and 60×60 µm2,

which are picked out from the FPAs and have been

fabricated successfully.[11−14] Figure 9 shows micro-

graphs of the two FPAs. The array sizes are 100×100

and 160×160 respectively. The material properties

and structural parameters used are indicated in Ta-

bles 1 and 2.

In order to test their performances, an un-

cooled infrared detector with optical readout was

proposed.[20] It is based on Fraunhofer diffraction.

A schematic illustration is shown in Fig. 10. The

IR radiation (8–14 µm) from the target is focused

onto the FPA by using an IR lens. The incident

energy thus causes the temperature of the microcan-

tilevers to increase and, therefore, leads to bending

deflections in the bimaterial regions, which is also for

the IR absorbers. Simultaneously, the FPA is illu-

minated by a visible parallel beam on the opposite

(a green light-emitting diode (LED) is used in this

work). The deflection of individual absorbers is thus

proportionally present as a corresponding translation

of the diffraction pattern on the back focal plane

of the Fourier lens. The required angle-to-intensity

Fig. 9. Micrographs of the substrate-free FPAs with pixel

sizes of (a) 200×200 and (b) 60×60 µm2. The two FPAs

are picked out from the FPAs and have been fabricated

successfully.

conversion is finally achieved by using a knife-edge fil-
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ter, which is located on the back focal plane. As a

result, the IR target thermally imaged on the FPA

can be reconstructed readily by a CCD camera.

Fig. 10. Schematic illustration of the proposed uncooled

IR detector with optical readout.

According to the definition, the NETD can be ex-

pressed as

NETD =
Inoise

∆I/∆TS
, (10)

where Inoise is the grey level of system noise (in this

work, Inoise = 8 grey levels [14]); ∆I/∆TS represents

the detector sensitivity, which is defined as the ratio

of grey-level change of the CCD camera, ∆I, to tem-

perature change of IR source, ∆TS.

Theoretically, the detector sensitivity can be cal-

culated from

∆I

∆TS
= H × ST × ∆I

∆θ
, (11)

where ∆I/∆θ is the optical readout sensitivity, which

is defined as the ratio of the grey-level change of the

CCD camera, ∆I, to the deflection angle of microcan-

tilevers, ∆θ. In this work, the optical readout sen-

sitivities were measured experimentally by fixing the

FPAs on a stepping motor. By rotating this step-

ping motor with an accuracy of 0.015◦, the relation-

ships between the grey-level change of the CCD cam-

era and the deflection angle of the microcantilevers

were obtained and shown in Fig. 11. The slopes,

which correspond to the optical readout sensitivities,

thus were estimated to be 9870 and 3280 grey lev-

els/degree respectively. Based on Eq. (11), the detec-

tor sensitivities of the selected FPAs can thus be cal-

culated to be 16 (=6.6%×0.44×10−3×9870×180/π)

and 39 (=6.8%×3.06×10−3×3280×180/π) grey lev-

els/K respectively. In contrast, if substrate FPAs

with pixel sizes 200×200 and 60×60 µm2 are imple-

mented, the detector sensitivities can be predicted

to be 14 (=6.3%×0.38×10−3×9870×180/π) and 6

(=1.4%×2.45×10−3×3280×180/π) grey levels/K re-

spectively. With the decrease of pixel size, the ad-

vantage of the substrate-free FPA becomes more and

more prominent.

Fig. 11. Optical readout sensitivities experimentally

measured by rotating the stepping motor with an accu-

racy of 0.015◦.

The detector sensitivities of the selected FPAs

were also measured experimentally by using a cali-

brated blackbody source. By gradually increasing the

temperature of the blackbody source with a step of

2 K from 25 to 39 K, the relationships between the

grey-level change of the CCD camera and the temper-

ature change of the blackbody source were obtained.

Histograms of the detector sensitivities are shown in

Fig. 12. The experimentally measured values of 15.5

and 27.2 grey levels/K are consistent with the theo-

retical predictions. The difference between the values

Fig. 12. Histograms of the detector sensitivity obtained

by gradually increasing the temperature of the blackbody

source from 25 K to 40 K.
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39 and 27.2 grey levels/K is mainly induced by the

non-uniformity of the initial deflection angle. As can

be seen in Fig. 12(b), only a relatively small portion

of the microcantilevers has an efficiency close to op-

timal efficiency, where the microcantilevers are char-

acterized by the detector with a sensitivity of 50 grey

levels/K or more. Finally, based on expression (10),

the NETD values of the selected FPAs were estimated

to be 520 and 300 mK respectively.

Examples of thermal images obtained are dis-

played in Fig. 13. The upper images were obtained by

the FPA with a pixel size of 200×200 µm2, and the

lower images were obtained by the FPA with a pixel

size of 60×60 µm2. Obviously the latter demonstrates

a better imaging performance.

Fig. 13. Thermal images obtained by the selected FPAs

with pixel sizes of 200×200 ((a)–(c)) and 60×60 µm2 ((e),

(f)).

5. Discussion

The imaging performance of the proposed IR de-

tector is seriously limited by the optical readout sen-

sitivity. For pixel sizes of 200×200 and 60×60 µm2,

the optical readout sensitivities can be theoretically

estimated to be 50000, and 15000 grey levels/degree

respectively.[13,14] As can be seen in Fig. 11, however,

the optical readout sensitivities experimentally deter-

mined are only one fifth of the theoretical predictions.

This is induced mainly by the undesired deformations

in the IR absorbers.[21] On the other hand, a remark-

able improvement is achieved by improving the opti-

cal readout sensitivity. The undesired deformations,

caused by stress mismatch in the bilayer structure,

may be eliminated, for instance, by embedding stiff-

eners in the IR absorbers. In addition, it would also be

beneficial to employ the annealing technique to mini-

mize the film stress. If the optical readout sensitivity

can thus be significantly improved, the selected FPAs

have a potential of achieving NETD values of 100 and

45 mK respectively.

The intrinsic performance of the substrate-free

FPA can be improved by refining the FPA geome-

try and using materials with coefficients of thermal

expansion very different from each other, namely Al

and SiO2. According to Fig. 7, it would be benefi-

cial to the reducing of the thickness of the structural

material (SiNx or SiO2). A higher thermo-mechanical

sensitivity can be achieved by employing the three-

fold interval-metalized architecture or optimizing the

thickness ratio in the bilayer structure. To enhance

the detector IR absorption, an appropriate resonance

cavity can be embedded into the IR absorber. Mean-

while, work by Grbovic et al. has demonstrated mi-

crofabrication by using the materials Al and SiO2.
[22]

For the FPA with a pixel size of 30×30 µm2 for in-

stance, finite element analysis shows that if the refine-

ments described above can be performed successfully

(by employing the three-fold interval-metalized archi-

tecture; by using the materials Al and SiO2 and then

by optimizing the thicknesses to be 0.08 and 0.1 µm re-

spectively), an NETD value of 10 mK can be achieved.

6. Conclusions

The thermal and mechanical characterizations of

the substrate-free FPA are investigated. Because of

the large decrease in thermal conductance, the sup-

porting frame is temperature dependent, which brings

out a unique thermal characteristic, i.e. the lower

the thermal conductance of the supporting frame is,

the higher the energy conversion efficiency in the

substrate-free FPA will be. The decreasing trend in

the substrate FPA, namely that the energy conver-

sion efficiency decreases with decreasing pixel size, is

completely avoided. Meanwhile, a potential of 33%

improvement in thermo-mechanical sensitivity is also

achieved. With the decrease of pixel size, the thermal

and mechanical characterizations of the substrate-free

FPA become more and more prominent. For an FPA

with a pixel size of 200×200 µm2, the thermal conduc-

tance of the supporting frame is still relatively large,

the temperature of the supporting frame therefore

varies slightly, and the thermal response only increases

by about 20% as compared with that of the substrate

FPA. However, for FPAs with pixel sizes of 60×60

and 30×30 µm2, the thermal conductances of the sup-

porting frames are decreased greatly, the temperatures

of the supporting frames therefore vary significantly,
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and the thermal responses therefore increase by about

5 and 10 times respectively. The results from the fi-

nite element analyses are consistent with our measure-

ments: two types of substrate-free FPAs with pixel

sizes of 200×200 and 60×60 µm2, picked out from the

fabricated FPAs, were implemented in the proposed

IR detector. The NETD values are experimentally

measured to be 520 and 300 mK respectively. Further

refinements are achieved in various aspects, including

the optical readout sensitivity, the FPA geometry, and

the materials used. If these refinements can be realized

successfully, the substrate-free FPA with a pixel size

of 30×30 µm2 has a potential application to achieving

an NETD value of 10 mK.
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