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Abstract: This research focus on using one-dimensional Photonic Crystal Forbidden Band (PCB)
characteristics in coating filtering layers on broadband AlGaAs/GaAs/InGaAs based
quantum-dot-in-well photodetectors, with maximum specific infrared (IR) light transmittance and
unnecessary spectrum reflected, to increase signal to noise ratio (S/N). Two transmittance bands
within the IR range of 3 to 12 pm are defined to be 3 to 5.2 and 7.2 to 12 um, respectively, using
forbidden band characteristics, with the range located in the crystal forbidden band, from 5.2 to 7.2
um, highly reflected. With periodically photonic crystal thin-film coated, the result reveals that not
only can the precise absorption bands for dual-band IR photo detectors be precisely designed, but
epitaxy complexity is also reduced and the lower deposition-accuracy Metal-Organic Chemical Vapor
Deposition (MOCVD) utilized, which cuts costs dramatically and render huge contributions to IR

optical Imaging system applications.

Keywords: Photonic Crystal Forbidden Band (PCB), Optical Thin Film, IR Transmittance Film,
Ion-assisted Deposition

1. INTRODUCTION

With IR having lower absorption than visible light within the atmosphere, dual-band IR sensors have
its specific gain spectrum bands '. IR transparent materials in general are used for the infrared
observation window. To cut back on noise, one additional filtering thin-film layer on the window is
needed to have better ratio of signal to noise (S/N ratio), but it also augments optical system
uncertainty. This study, based on forbidden characteristics of photonic crystal’, investigates using
materials of Ge, ZnS and YbF;as directly coating layers on of GaAs material of top contact layer on
the detector structures to form periodic high, middle and low refractive-index thin-film photonic

crystal layers, which, besides in-situ optical filtering, reduces complexity of wavelength-tuning and



post lens assembly without optical filter. In this study, appropriate photo crystal thin films are
designed and optimized, and two kinds of crystals, one-dimensional binary and one-dimensional

ternary, are compared in terms of factors influencing filtering characteristics.

2. THEORY OF THE OPTICAL THIN FILM DESIGN
Based on applications for specific-wavelength detection, the appropriate coating material is selected
on demand. The materials for fitting the design should be as transparent as possible in IR spectrum;
furthermore, at least two types of material are needed following design principles for photonic crystal
thin-film layers. Among those meeting above requirement are listed as Tab. 1, wherein we determine
to adopt Ge as high refractive index material with symbol: H, ZnS as the middle one with symbol: M
and YDbF; the low one with symbol: L. The 0.5L(H M L), means half characteristic wavelength of low
refractive index in addition with the two periodically characteristic wavelength thin-films composed
of H, M and L refractive index materials. The above periodically photonic crystal thin-film layers are
deposited on broadband QDIP structure shown in Fig.1. and similar fabrication of broadband QDIP is
proposed from Tang, et al.’

To satisfy dual-band filtering function, one-dimensional periodically photonic crystal films is used
for design. Photonic crystal thin-film technology, compared with regular films, brings features of
fewer layers of films and small film thickness resulting in low hetero-structured strain. Using optical

transformation matrix method, the formula is listed as follows *:

-ipsin cosfB (1)

Mi(d){ cosp ‘(i/p)sinﬂ}



,in which d is the dielectric layer thickness, B =k, nzcos8, p=./g/ucosd
ko is the wave number in vacuum, € is the dielectric constant, p is the permeability (all materials
examined are non-magnetic, u = 1), refractive index, n= \/; and 0 is the incidence angle
between incident light and perpendicular direction on the dielectric surface. That said, the multi-layer

eigen matrix can be represented as:

M,(dy)=X M, =[m” m} @)

i=1 m, — m,,

thus, thin-film photonic crystal reflectance and transmittance are:

R:‘r2‘2|(m11 +m12pR)pL'(m21 +m22pR)|2 ?3)
|(m11 +m,;,py )pL + (m21 +m,, Py )|

|2

T:%MZP—R' - )

P ‘(mll +my,p, )pL + (m21 +m,, Py )‘

,wherein P =&/ cos, , Pr =vér [ Bx cosﬁR‘ el, uL, €R and pR are photonic crystal left and

right dielectric constants and permeability, respectively. 0. and Oz are the angles between the

perpendicular direction of the dielectric surface and incidence light, transmitting light, respectively.

3. OPTICAL THIN FILMS COMPARISON IN PHOTONIC CRYSTAL

Spectral characteristics of one-dimensional ternary photonic crystal structure (H M L), and another
binary one (H M)s are calculated and compared with. The result is shown in Fig. 2—(H M L),
structure keeps transmittance of 100%~87% within the band of 4.0~5.3um and 99%~82% in

another transmittance band of 7.2~8.9 um, whereas transmittance drops down to less than 10%



within 5.7~6.5 um band. Severe oscillation exists in the two high-transmittance bands, which
degrades transmittance of absorbed photons in the band less than 5.3 um. One effective method to
reduce oscillation and improve transmittance further in the two bands is to tune original structure (H
M L),to 0.5L(H M L), ", in which the first layer thickness is halved to shift phase and eliminate
oscillation-caused condition. For (HM)5 photonic crystal structure applied this method, however, the
transmittance cannot be boosted within 7.2~8.9 pm band though oscillation in transmittance bands

can be curbed.

4. ANALYSIS OF FACTORS INFLUENCING OPTICS SPECTRAL CHARACTERISTICS
4.1 IMPACT OF PERIODIC THIN-FILM FILTER ON PERFORMANCE

The period of photonic crystal structure has a large impact on characteristics of forbidden bands, and
when target spectral characteristics can be satisfied, filters of fewer periods are advantageous in terms
of practical processing. We calculated spectral characteristics of filter structures, 2-period 0.5L (H M
L),, 3-period 0.5L (H M L); and 4-period 0.5L (H M L),, all using 0° incidence angles (along —y
direction) as examples. The results are shown in Fig. 3, wherein we find the period influences the
whole band spectral performance, high transmittance characteristics can meet our demand within
4.0~5.5 um band at two periods, and steep spectral characteristics change at 5.5 um and 7.0 pm
locations can better benefit spectral control. Nonetheless, further more periods brings in worse
oscillations in high-transmittance band, which is harmful to spectral control.

Therefore, separate band spectral characteristics and the whole IR detection system both need
considering. From analysis we conclude: Based on filter design of dual transmittance bands of 4.0~
5.2 um and 7.2~~9.0 um as a precondition, the oscillation in the two bands should be reduced as much

as possible via selection of optimal periodic numbers. Shown as Fig 2, 2-period filter structure bears



better spectral performance.

4.2 INFLUENCE OF THIN-FILM THICKNESS DEVIATION ON FILTER
PERFORMANCE

In practical processing for coating thin films, the real thickness for each layer (Fig. 4 shown and taken

by Cross-sectional Transmission Electron Microscopy, X-TEM) may be somewhat different from

designed ones (Tab 2). There exists an acceptable influence of deviation of layer thickness on filter

spectral characteristics, thus, it still meets the requirements on demand.

We assumed each layer thickness has the same percentage of deviation, and to facilitate calculation,

took the deviation to be 5% higher and lower than designed values and used incidence angle of 0° as

input parameters for evaluating the impact of thickness deviation. The analysis result indicates the

layer thickness deviation mainly impacts spectral characteristics within 3.0~5.5 um band, especially

for high and low refractive index layers. To clearly clarify issues, Fig. 5 offers transmittance

characteristics in 4.0~5.5 pm band caused by layer thickness deviation for high and low refractive

index layers. From Fig. 5, thickness deviation of Ge and YbF; layers will both induce right or left shift

and transmittance dramatic oscillation in corresponding high-transmittance bands. Optimized layer

thickness value for each layer will have a smoother transmittance spectrum, and Ge layer has a greater

influence on spectral performance than YDbF; if the two layers have the same absolute deviation.

Deviation for each layer should be reduced as much as possible to guarantee spectral efficiency in

coating thin-film filters practically.

5. OPTICAL THIN FILM FABRICATION

Optical thin films are fabricated using LH-1100 vacuum coater made by Leyblod corp, which

machine equips with dual electron-beam guns. The electron-beam gun has a stable vaporization rate



and does coating automatically combined with quartz monitors. The substrate is cleaned first by
blended solution of ethyl alcohol and ethyl ether, then the gripper is put on the substrate hold. Close
the door of the chamber, turn on the switch to begin vacuuming the chamber, and set the baking
temperature at 100 “C to avoid the cracking of substrates due to non-uniform material stress caused by
too high temperature. When vacuum level reaches 4x10™ Pa, ionic source is turned on and the Argon
gas in-flow rate is controlled to keep the vacuum chamber pressure at around 1x107 Pa. The ionic
source can bombard the substrate to decompose hydrocarbon complex polluted on the substrate
surface, and provide surface activation layer to facilitate thin film formation. All done, electron guns
are turned on and vaporization process follows defined thin-film deposition procedures.

In above process, ZnS evaporation rate should be stepped up to keep at 1.2 nm/s considering its
easiness to be decomposed, and contrarily, the rate of evaporating YbF3 needs to be kept at 0.25 nm/s
to bypass film drop-off phenomenon. We utilize the thickness control technology which combines the
quartz oscillation and the photoelectricity-limit-value methods, wherein optical wavelength is
controlled and changed in the photoelectricity-limit-value method to monitor and control the film

thickness and quartz oscillation is used to control evaporation rate.

6. EXPERIMENTAL RESULTS AND DISCUSSIONS
6.1 OPTICAL THIN-FILM FILTER CHARACTERISTICS TEST AND ANALYSIS

Perkin-Elmer Fourier Transform Infrared (PE-FTIR) Spectroscopy is used to get measurements as
Fig 6, from which a forbidden band with an average spectral width of 2 um located inside 6.2~8.5 pm
is observed, causing the transmittance in the band descend to around 50 %~5 %, a feature of
one-dimensional photo crystal filters. Film transmittance inside 4.1~6.1um band can see an average of

transmittance up to 93 %, and inside 8.6~10.6 um band 87 %. We have an average transmittance of up



to 90 % for MWIR and LWIR bands.

6.2 CHARACTERISTICS EVALUATION OF IR PHOTODETECTOR AND OPTICAL
THIN-FILM FILTER COMBINED

The spectral photoresponsivity of broadband QDIP operated under the bias range of 2.0 to 2.4 V and

at 10 K without an one-dimensional ternary photonic crystal filters is shown in Fig. 7, wherein very

wider bandwidth ranged from 3.5~11 um is observed. The 2-period one-dimensional ternary photonic

crystal filters directly deposited on broadband QDIP structure just as shown in Fig. 1. The spectral

photoresponsivity of broadband QDIP deposited with an one-dimensional ternary photonic crystal

filters is shown in Fig. 8. Separate dual-band of 4.1~6.4 um and 8.6~10.5 pum is observed clearly,

which well agrees with our estimation.

7. CONCLUSION

Based on band-gap engineering, normal IR dual-band photodetector utilize structure with two

different-periodically hetero-epitaxy which demands precise design. It demands a super-high vacuum

solid-state MBE technology to grow periodic stacking-layer structure for dual-band IR photodetector.

Offering a new dual-band IR detector, this paper proposes using a broadband IR

AlGaAs/GaAs/InGaAs based quantum-dot photodetector covering the 3~12 pum band, and

concentrates on increasing the responsivity in LWIR and MWIR bands without necessarily designing

quantum well depth and width precisely. Modulation design of the absorption band begins with

selection of IR-transparent material, using optical transformation matrix method to do the

one-dimensional thin film design via modulating film thickness and periods, increasing band

transmittance, reducing oscillation in high-transmittance bands, and bombarding substrates to deposit

thin films with ionic beams to grow epitaxial structures. As such, accurate IR dual-band absorption

bands can be achieved, effectively simplifying epitaxy process complexity with lower-precision



MOCVD method ° substituted to further reduce the epitaxy cost.
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Table 1. Proposed semiconductor film materials

Material Characteristic Refractive index Transmittance range
Wavelength/nm (um)
Ge 500 4.0 1.8~23
ZnS 500 2.3 0.4~14

YbF3 800 1.52 0.25~14
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Table 2. Thickness Optimization using 2-period one-dimensional ternary materials

Film No. Material Thickness (um)

1 YbF; 0.75
2 Ge 0.55
3 ZnS 0.9
4 YbF3 1.55
5 Ge 0.55
6 ZnS 0.9
7 YbF3 1.55

GaAs top contact of broadband QWIP
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Fig. 1. 0.5L(H M L), photonic crystal structure
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