The impact of modulation depth
in terahertz spatial light modulators
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Abstract

Terahertz radiation is well-suited for imaging applications due to its ability to penetrate most
materials without causing damage. However, terahertz transmitters and receivers are
extremely expensive and difficult to miniaturize, which significantly limits their application
scope.

Compressed sensing imaging will be a key technology to solve the problems of high cost
and slow speed in terahertz imaging. By making reasonable assumptions about the signal to
reconstruct the signal source and using a substrate capable of generating random patterns to
create samples, the final image can be reconstructed using algorithms.

A good imaging system is primarily determined by modulation depth, modulation speed,
and spatial resolution. We use digital light processing (DLP) to create a spatial light
modulator. By utilizing the photoelectric effect to generate conductive patterns on a
semiconductor substrate, we can control the transmission of terahertz waves, achieving better
modulation speed. After comparing three common intrinsic semiconductor materials—silicon
(Si), germanium (Ge), and gallium arsenide (GaAs)—we found that germanium offers the
best modulation depth and the widest applicable wavelength range, which is why we chose
germanium as the substrate material.

However, germanium still has limitations in terms of spatial resolution and modulation speed.
Therefore, we decided to modify the fabrication method of germanium, using a special
process to create nano-like structures on its surface. We then used different systems to
measure its modulation speed and modulation depth, and finally analyzed and compared the
results using Python.



2

BEATE R %f“*%ﬁﬁﬁ““gﬁhﬁmﬁﬂ%mﬁﬁ’ﬂ (R
iiﬁﬁ*@ﬁarm% oML LA MUHFHEE RLFL LTI B2 %ﬂ%
* AT L o

RAFR v oA R s AR o A 2 RN - < BAEHER -

Fd HRELh e BB A TR Rt A LT B R AR Wid - BB
Ao BISEY FHEELER o

- Bl R A R ARIFR CARERNE ZRRTR R AR
“&a%f;%ﬂﬁ4ﬁ%#%$’L“%m%%ﬂiﬁﬁﬁﬁiiﬁﬁﬁﬁﬁiﬁ
A AER e Q7 I EI R RER  FREHE A LG
AL S F R RIRAR L B S E Y R T A 4
5 A

EEAERG ZR A FEY fr&%ﬁﬁzmmﬁj ) F AR A et A2

i H #:;ﬁm”@lﬁf_” ZRAAL LG AL RN Slpdunf o LE* 2 R?v,rr:,]‘s e
EARERZALIFER  Kisier Pythonzgf?/»\#%i LR o



1.

W

P 4
+ R
1.1 = A&k
1.2 & #H L ik
1.3 $ci> sk ggg
14 3 4 i
1.5 #lfe 258
FHEEE

21 ARERRE

. REEE

30 AFEEMEE K BHELR

32 2 kRl 1R

. B

34+ o

R R

iii



1. # §

1.1 & Ak

=~ % %k (Terahertz) 2 47 5 0.1 3] 100 THz BFenga 2k » A £ 95 30um 3 3 mm »

RO B A R D e PR A AR o B ke R AR e enRLaL S 9 LA R N P
*ih%’T@@4®#?m&%%&iLﬁ%ﬂ S AR e h A 1 3
THF o AR R2EERME S @ 2 FS ALVl ® T E D Fahg R
1R o FIPt > X AFRWRT UREHE AT E X GAIE ST B o b X FRE AR
B * A AFEAFE OGS Ak E &R o [1]

Ev

\\A-

1.2 % 3 3

ARG OT EEF T E iR o v B H g 8¢ B (Transmitter) 1 2 J2{T
(Receiver)® iT= Afmg » #7108 * 5 st EE Jyc Bl s ki ivH 72 2 F %
e Edrkira @ % - BFHEZ RRBREFTBRFR S f BBRFT UL H BT R
w%%&%&%%’ﬁk%gﬁﬁﬁﬁﬁﬁkw%@’@?ﬁﬁkhﬁko

T ok TR - i A5 BR¥ERE o= f(Compress Sensing)
m’@ﬁ mpﬁﬁw—gﬁﬁﬁﬁkkﬁ’iﬁaﬁé%ﬂ%ﬁéﬂﬁﬁ%iéa

ko ? BRF R BBk Y RSBl AT e ¥R iR AA R
2 ﬁam%ywig@ SR R PEBRERE - BRHRA BLEY R
B Edde o QR IR A S oo

object mask random
THz transmitter a planar
(fiber-coupled \ / screen THz receiver
PC antenna) /] /
£ | : /
1l /
—
|
i) T =
/I
Ib J
I l/
6cm 42cm 7cm

B(- ) BHHE o £ L W2



F5 AT AT > R ARG E i AR SN SRR 4 % o
i+ WL?z«wacﬁféaoﬂ‘?%jﬁﬁﬁ%ﬂgiﬁﬁﬁvﬂ;ﬁﬁﬁﬁ
PRI A R EES RIS o RS 3 hoTi B -

1.3 #cix sk g2

BigR Ao i o T REARE S ATH B ahk gt "f TP ERT R R
(modulation speed) *t » 4 %% & (modulation depth) 2 % FF f#47 /& (spatial resolution)~ &_
T i nE B Sl ARE RN R T AR RARE BARIFRAARFREA TR EY
FAR TS T B RTRARE R L T R L B ORIRASP A > 183 A i 2 TR *
AR ITF R o [3]

A i * fciv Sk g2 (digital light processing) k W i3 kA PR > o> 2 438

SROCEEE BN LS FEME L MR DEE ) 7R 2 SRR
LEPAFE G P NA2Z D T3 BAEY pd T3 KRB EFRRPET
o B e s AERDP T AARFRELFRP AR 4od BT L
B = AR ik enif g o [3]

ZEE R EE S - B R & G ity LA TLERY
ClE - AR G L R SR SRR SR ol FRETARFR Y )
5 0.66(eV) ~ # e I 5 1.11(eV) > o & ¥ 5. B % 5% (Planck relation): E=hv # 4 » &7
R Rk kA AT 4 R ARG ST A SRR )

RV ARRE IR G F = —%" PRy AR IE ARER {"11__?‘,,, +E &
BB FP P ERT Y R A F AR Ik A AIFET TR o

RS IR H4]» v eng B A FEF LR F’%‘@i&&%ﬂ;’i% oo e A F G g
WRE R & ERAA kI BRI FREAFI A G kLR R
ARG E P amcsd > Fpt g5 7 T4 L5 %\m(mesa array surface)s 8 /2 ) 3L

[3]- 8% WAz W RACK M 2 FERHE D > PR LBV HIERRET L) 0
A }a TR e e JEETT A 0 18R ﬂ\,jf)a B ﬁz#&%’fbmﬁ* - HEEFAHUER
ZREAFEFORE - HAER 0 dok G AR 3 BB 0 il R
€ /i..-ﬂﬁ& ol G RAE o IR A BB R EAF R &
ﬂﬁ’ié%ﬁiiBﬁﬁiiﬁﬁﬁéﬁi%@ﬁﬁ%ﬁﬁﬁﬁéﬁ%&m
ﬁ?ﬁ » 1% i@é{ﬁ}g Fra e I8 e 4 o



1.5 QA3 258

AERAE G AP R BEHY BTV TP F* Syt % #(Absorption
Coefficient) 2 A FiF R = E APM M > FHBF & 2 o FIpt A #
WebPlotDlgltlzer Fafes kPN aHm2 P TRl FAR & 1550 nm s Ak Tk R St

PE o A 2T U E D A s o

RIE[4] RF-PECVD[5] | PVD[6] TE[7]
Absorption
. 367.9 13720 2800 3736
Coefticient(1/cm)
Absorbance(%) 99.08 61.72 19.84 7.20
Length 175(um) 700(nm) 790(nm) 200(nm)

F(-) AABHAES 2 4R4E A I L R R

AT UE T M F § AR fE (RF-PECVD) 1 & 4 5 4%(TE) fosx e th ficsh
F g > FP QEH A FRARS 2 ﬁ&&ﬁéﬁ £

2. REHKE

21 A EERE

e o

BI(= ) = ARiips 3 4 5
(1 ¢ B ¢ R W SRS R S AR OR R D)



AETRFTARFRERIATR Y Gk L S AP ki & 4i( Terahertz time-
domain spectroscopy system, THz-TDS system ) » d = #% %% &+ % ( Photoconductive
Antenna, PCA )#t 31 = # 457% b= (Terahertz pulse) » W i3 BH 4L ~ ¢ F F 3k Uk
Boad BiEAS ] SAEERICE(Y - BPCAE PERAPLPEHL EHA
FEAF C AR Y L o b _EJIJDF rk AR AR R IS AU BLE R o BT B AT
BT elichy € 1€ » Menlo % 2o 0 24P R L Dl BLIAE 1000 3-8 H T35 g
P £ R i e AL -

bR R AP ER AR kTR ASL KT F ?]L“/‘E%Eﬁ‘ot‘ o
AE 1550 nm HF 5= RE s AT "c(?c‘f)%i\ i = #J?“)»’li}i R ) > FH TR R
T F(200~2350mW) 0 Rl E X LB FRET X HEMAR 2 X ,4;;5 Sk P 38 20 BE
R e

1Y ?%iﬁ?i&f#[@;%* A FRD #EE 200mW ERAR] o TR SRR R R R
R 4] Ak B 200mW ok fg o 3 * ¢ M R (ND filter) B i2 o] 3t 200mW et 5§ o

T MR i § RSB R 0 P Bl # 53t (Power Meter) it £ B F 5 o

Y
I

—

@ AP E R Menlo & SLEEIR  chs ARk B -PER andiedp s o v H ok EAH
3 A A

- . . 2
_ Peak-to-Peak Electric Field Signal, at Intensity I
MDTD(I)—I-( ——— ) [8]
Peak-to-Peak Electric Field Signal, at Dark State

MDp(I) 3 ¥ 3 (Time Domain) ™ #93 #;% & (Modulation Depth) » & Z & * L ¢l
AV EE S B g T Fe R AP f P T AER A EAF R E B £ -
R RV G T EDA n“ijimf)i



3. RE%&ES %

114 (= )R - RF-PECVD 47 Bodd e fc e » FIv 7 & i 48 UK B engd 30
MR AFELY  FEROERAREPF §F AREAALFR  c APERIR Y L F

FETLY REBY CHEEBRAT :}I% v 8 F tpi#f & 5L(HDPCVD) » 824 i/ 35 3| B i
RF-PECVD * it # s » WARHRE - 7 05 WL 5A 120nm =+ /> ¢ 5

dEFWE Y AFEHEIR g o BAPES T d 50nm 2% 100nm B FE R 0 &
2 E 3] 700 nm 5 B [5] o

3R FLEMA S FBHL R

d Bl(z)" 2FRFFHER* PECVD #9350 nm ~ 100 nm & £_TE 150 nm » 3 %
FREAFFARLPEAN U AASLTRDERAT IR LIREBER N A
e iR R #

Modulation Depth (0-2500 mW) vs Power for Different Materials

—8— CVD50Si
#— CVD100si
—e— Si

—8— TE150Si

—e— Ge

80 1

60 4

Modulation Depth (%)

20 4

e
L
ae
ae

T T T T
0 500 1000 1500 2000 2500
Power (mWw)

Bl(z) BEFE-F i £ B



327 R 8 g2 ViR

d BI(Z)7 2 ER > - PECVDS0nm &2 100 nm & 65 & » 3 iR & 7 & fceh
#AOHEPEENENLEDEEN TR EEFIN{FTARIFER o B TE
150 nm » ¥ 023 e R A e rgE I ARt R IRE 0 B R & 150 nm ehpF iz i §
' PECVD AR UL e RiFR > {7 B4 &3 @i ™ aad { Bahsg &
o 2R B RIFR 0 FT BRI AT A R

Modulation Depth (0-2500 mW) vs Power for Different Materials (Except Ge)

3071 —e— CVD50Si
—8— CVD100Si
- si

—e— TE1505i

Modulation Depth (%)

T T T T
0 500 1000 1500 2000 2500
Power (mW)

R(Z) BRFER-F i ERF AF)



%W
A g ivd kg Bk % B(PECVD 50 nm ~ PECVD 100 nm ~ TE 150 nm) it &
P& RARE I W R R o RUR AR 0 fe LR P “ﬁ yriz P TR BB A
PALFRSEAR TG BEARDATHEDRINRER > F AT R
%#*mo?ﬁ%@ﬂ?vﬁﬁiﬁmwﬁﬁ&iﬂﬁﬂ~ﬂﬁ@ﬁ%&%%a%ﬁ
ﬁ&%tF‘F&$ﬁ4&%ﬁRden%ﬁﬂw%?%ﬁﬁéﬁggz&%ﬁ%
R - FE ) T‘ﬁ P E IR R » g ERBIEX AL A S B Y E
«’:,ﬁ\‘ °

‘ F‘

ﬂéﬁﬁiﬂ ARER PP T EI AFH R R
E4
4

R
B pf,pé% Iﬁzim%’—ﬁi’lﬂ - B4R e

i
%%

Sl
[1] Stuart Thomson “Terahertz Molecular Lasers - Introduction & Applications” Photonics,
2021

[2] Wai Lam Chan, Kriti Charan, Dharmpal Takhar, Kevin F. Kelly, Richard G. Baraniuk,
Daniel M. Mittleman “A single-pixel terahertz imaging system based on compressed sensing”
AIP, 2008

[3] Akash Kannegulla, Md. Itrat Bin Shams, Lei Liu, Li-Jing Cheng “Photo-induced spatial
modulation of THz waves: opportunities and limitations” Optica, 2015

[4] Toni P. Pasanen, Joonas Isometsd, Moises Garin, Kexun Chen, Ville Vihénissi, Hele
Savin “Nanostructured Germanium with >99% Absorption at 300—-1600 nm Wavelengths”
Wiley, 2020

[5] Ghada Dushaq, Mahmoud Rasras, Ammar Nayfeh “Low temperature deposition of
germanium on silicon using Radio Frequency Plasma Enhanced Chemical Vapor Deposition”
Elsevier, 2017

[6] A.A. Akl, H. Howari “Nanocrystalline formation and optical properties of germanium thin
films prepared by physical vapor deposition” Elsevier, 2009

[7] Vito Sorianello, Lorenzo Colace, Nicola Armani, Francesca Rossi, Claudio Ferrari, Laura
Lazzarini, Gaetano Assanto “Low-temperature germanium thin films on silicon” Optica, 2011
[8] Chia-Ming Mai, Mohamed Hammad Elsayed, Yu-Chun Wang, Yu-Lin Lin, Yin-Tze Lin,
Ho-Hsiu Chou, Shang-Hua Yang “Organic Semiconductors as High-Speed Photoconductive
Terahertz Spatial Light Modulators” IRMMW, 2021



6. = FE X KR

TR EREEY LY S AHE Sk P EY 2Rl d o R Az bk Y
4 i:’%ﬁé e T T R T AT Ao ] F ai.d@t&; ) {gﬂar@#g{%&% g
P RI2hd R AR chAER o 35N B K PR AERBAURE L BRARAFHI
RN S p A "3{‘”9$@“?*%6571%%%&§J“ﬂ%wﬁﬁaﬁﬁ

Fbogrghd G GeH, (T L 4R > F AP - R IR LA FFEFELT &

F’P\:‘ ,\,’j;b TEAp e 5 o (2 PpER gt fiEsae 0 E A K # % f;-}i/;
4;2 IR PEIERER s BATATIBY L IAAMBAE RARFL G L 7D

'u—)ﬂ 3\. lraé n%‘aﬂ m.l-ﬁi_tm,_l.% °
%%%%éﬁﬁivAwwgéwm?%zﬁ%%$%M§&%ﬁa%ﬁa,ﬁ
ﬂ@ ﬂfr““r FHTARER L mp RIl- AR e o A8 g s B R R
P F R SRR R Z TR AL BV p e S { BRI AT
G et o wmfra B A xF“#\ﬁif;’.’:jﬁ;ﬂ‘ R A o



