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Stress evolution and its effects on the detection performance of self-
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Abstract: In this study, we investigate the stress evolution and its effects on the detection performance of self-rolled
quantum well infrared detector. It is found that tensile stress can move the energy level of conduction band up, while
compressive stress moves it down. The band movement of self-rolled film with double quantum wells depends on the
change of resultant stresses in the two quantum wells. The rolled-up sample can effectively transform the stress change
into strain, so as to weaken the impact of ambient temperature and enhance the stability of infrared devices. The wrin-
kled film has higher compressive stress compared with the rolled-up sample, which results in lower responsivity. When
the same bias voltage is applied, the voltage responsivity of the rolled-up sample is about 2. 5 times higher than that of
the wrinkled sample.
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Fig. 1  Schematic diagrams of multi-layer films (left) and
rolled-up quantum well infrared device (right). The blue curve
is the neutral line which is the boundary between tensile stress
(green arrows) and compressive stress (red arrows) in the right
diagram. The SEM image (top view) of rolled-up quantum

well nanomembrane is in the top right inset
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ferent diameters, (b)~(f) are the fitting curves of PL spectra.

(a) PL spectra of rolled-up nanomembranes with dif-

“Cumulative Curve” is abbreviated as “C. Curve”
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Fig. 3 (a) Interband transition peak changes with the diame-
ter of rolled-up nanomembrane; (b) Intraband transition peaks
(conduction band Ae, Valence band Ahk) change with the di-
ameter of rolled-up nanomembrane; (c) The movement of
conduction band under tensile stress. After rolling, both of en-
ergy levels (e,and e,) move up and e,moves more; (d) The
red dotted line is the neutral line. Part I: The neutral line is at
the outermost at the beginning of rolling. Part II: The neutral
line moves to the outside of QW,. Part III: The neutral line
moves between QW and QW,. Black arrows indicate the
stress in QW, and red arrows indicate the stress in QW,. The
blue arrows indicate the resultant stresses in the two quantum

wells. “Comululative Stress” is abbreviated as “C. Stress”
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Fig. 4 Photocurrent spectra of infrared detectors for flat and

rolled-up (diameter: 62 um) nanomembranes under 400 mV

applied voltage, collected at 40 and 70 K separately
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brane (top view). The peaks of raised parts are marked with

“I7, “II”, “III” and“IV”. Figure (b) is the section view of

(a) Optical microscopy image of wrinkled nanomem-

the red dotted line in the top right corner of Figure (a). A, C
points are the peaks and B point is the valley. “1”, “2” points
are between A and B points. The values (unit: eV) in the
brackets are the peaks of their PL spectra, where the peak posi-
tions are the same for “1” and “2” points, (¢) Comparison of
blackbody responsivity between rolled-up nanomembrane de-
tector (diameter: 150 pm) and the wrinkled nanomembrane
detector, (d) The red line is neutral line and the quantum
wells in the dotted neutral line regions are both compressive.
For the quantum wells in middle solid neutral line region, one

quantum well is compressive, and the other is in tensile stress

(d)H part IR 908 . PR AR P 7 B 5351
SRR 3 R g, D) i R AR A N PLIGE 23

P T I R 8 1 0 R 2 A7 ) R
BIEAR SR RN T, R AEAE — 1> 2k i XA A5 57 2 for
TSGR, BRI —ASR00 T 55 —AN e )
R (ES5(d) , AR I AH T A B /N, RIH
PLIELIRE /N, FRATEEHCA BB B 5 1.2 7
SCINES(b) FrzR ), 0] LLE H B S0 B Y PL RS A
FbF A B s s kA T /AN LIRS o 8 A i s
143 A 07 3 A RS 0 SR 2 5 i R 24 T S 88 1 1Y



1] 5 QAR R T BRI A I8 A2 A BRI 1 R B B2 ) 23

JCHLPERE . T o0l i A T A AR A R 1 B
W OF LA T XS L . SCHR 25 R WoR , P AR A
400 mV A N A e (HE A AR L
A AR R S M I SR R 2 2. 5 A (T 5 () ) o
FeAT e SR 15 145 1, 33707 7 AR 2 A9 7 B B AT 3¢
REYGRLFRI I, 150 pom 35 7805 A 5 B — Ak
TR ST, I3 — A AL T W J7 5 10 58 56 BT 45 4 4
JI5E R A E A0S, T BCH B RIS SRR 3 P A
BB AL T N RS CBIV R 18T 3 (d) B 1 1) T 53
ARAR) , A I Z ) Y i P DX R — N R T, 55
— NPT (B 5(d) ), SoRs 4 s 7 B R A A
PO KN DDRE A I o= @5 5 U VR S5 8

3 it

0 Ao e s B S 14 R RS BOE AR RE T
K BRI T (AR AR ) A e B A%, HIEAS 1
8 B2 R TR S RE S s 1T e 1oy 1 DU A5 i B T
W, HILASREG T I IR J3E R T30 A5 RE S WU 1
BIF 205 1 114 26 it 05 1% B i A% 2l DU BB ke T i 1
BIF £ 5 IO T AR A o 3 e R AR A5 Y A A )
ZLANRIN SR AEAS [R)IELE R B e R AT Ik, &
BLA: i A P T UAT R0RE D ) A8 A AR D AR, DA
ol INPR S5 i AR A S BEAY B Bl R W), B e £ A1 4%
PERRENE , 0 TR REASE Y AR 7% 2 11 R 2L 5
s PF RO BT A] EAT H B S i X R A L AT
T T30, e B S REA L T3 T H A A
XFEER Y RV T, 3 BCHLLL ARSI 5 1 Dl g iy R A
. FEAHIR SN TR , 48 @0 L AR S 1 (4 v
JR M JO7 B e 24 2. 547

References
[1] Lin L, Zhen H L, Zhou X H, et al. An intermediate—band—

assisted avalanche multiplication in InAs/InGaAs quantum
dots—in—well infrared photodetector [J]. Applied Physics
Letters, 2011, 98(7): 073504.

[2] Makhov TS, Panevin V' Y, Sofronov A N, et al. The effect
of stimulated interband emission on the impurity—assisted
far—infrared photoluminescence in GaAs/AlGaAs quantum
wells [J]. Superlattice and Microstructures, 2017, 112:
79-85.

[3] Cevher Z, Folkes P A, Hier H S, et al. Optimization of the
defects and the nonradiative lifetime of GaAs/AlGaAs dou-
ble heterostructures [J]. Journal of Applied Physics, 2018,
123(16): 161512.

(4] Li Q, LiZF, Li N, et al. High—polarization—discriminat-
ing infrared detection using a single quantum well sand-
wiched in plasmonic micro—cavity [J]. Scientific Reports,
2014, 4: 6332.

[5] FuY, Willander M, Lu W, et al. Optical coupling in quan-

tum well infrared photodetector by diffraction grating [J].
Journal of Applied Physics, 1998, 84(10): 5750-5755.

[6] Smith E J, Liu Z, Mei Y, et al. Oliver G. Schmidt. Com-
bined Surface Plasmon and Classical Waveguiding through
Metamaterial Fiber Design [J]. Nano Letters, 2010, 10
(1): 1-5.

[7] Zhang J, Li J X, Tang S W, et al. Whispering—gallery
nanocavity plasmon—enhanced Raman spectroscopy [J].
Scientific Reports, 2015, 5: 15012.

[8] Ning H P, Zhang Y, Zhu H, et al. Geometry design, prin-
ciples andassembly of micromotors [J1. Micromachines—ba-
sel, 2018, 9(2): 75.

[9] Huang W, Yu X, Froeter P, et al. On—chip inductors with
self=rolled—up SiN, nanomembrane tubes: a novel design
platform for extreme miniaturization [J]. Nano Letters,
2012, 12(12): 6283-6288.

[10] Schmidt O G, Eberl K. Thin solid films roll up into nano-

tubes [ J]. Nature, 2001, 410:168.

[11] XuBR, TianZ A, Wang J, et al. Stimuli-responsive and
on—chip nanomembrane micro-rolls for enhanced macro-
scopic visual hydrogen detection [J]. Science Advances,
2018, 4: eaap8203.

[12] Mei Y F, Huang G S, Alexander A S, et al. Versatile ap-
proach for integrative and functionalized tubes by strain
engineering of nanomembranes on polymers [J]. Advanced
Materials, 2008, 20: 4085-4090.

[13] Fan X C,Hao Q, LiM Z, et al. Hotspots on the Move: Ac-
tive Molecular Enrichment by Hierarchically Structured
Micromotors for Ultrasensitive SERS Sensing [J]. ACS Ap-
pl. Mater. Interfaces, 2020, 12(25), 28783-28791.

[14] Wang H, Zhen H L, Li S L, et al. Self-rolling and light—
trapping in flexible quantum well-embedded nanomem-
branes for wide—angle infrared photodetectors [ J . Scientif-
ic Reports, 2016, 2: €¢1600027.

[15] Zhang F, Nie X I, Huang G S, et al. Strain—modulated
photoelectric properties of self-rolled GaAs/Al,, Ga,,,As
quantum well nanomembrane [J]. Applied Physics Ex-
press, 2019, 12(6): 065003.

[16] Dietrich K, Strelow C, Schliehe C, et al. Optical Modes
Excited by Evanescent—Wave—Coupled PbS Nanocrystals
in Semiconductor Microtube Bottle Resonators [J]. Nano
Letters, 2010, 10(2): 627-631.

[17] Wong J] H, Wu B R, Lin M F. Strain effect on the elec-
tronic properties of single layer and bilayer graphene [J].
The Journal of Physical Chemistry C, 2012, 116 (14) :
8271-8277.

[ 18] Deneke C, Malachias A, Kiravittaya S, et al. Strain states
in a quantum well embedded into a rolled—up microtube :
X-ray and photoluminescence studies [J]. Applied Physics
Letters, 2010, 96(14): 143101.

[19] Strelow C, Schuliz C M, Rehberg H, et al. Light confine-
ment and mode splitting in rolled—up semiconductor micro-
tube bottle resonators [J]. Physical Review B, 2012, 85
(15): 155329.

[20] Xu BR, Zhang X Y, Tian Z A, et al. Microdroplet—guid-
ed intercalation and deterministic delamination towards in-
telligent rolling origami [J]. Nature Communications,
2019, 10: 5019.

[21] Ganawan O, Djie H'S, Ooi B S. Electronic states of inter-



24 EANP/ RS IR 3 S 3 o 40 &

diffused quantum dots [J]. Physical Review B, 2005, 71 sion on Optoelectronic Properties of Inl_GaAs/ InAs/

(20): 205319. In, Al As Quantum Well [I]. Procedia Materials Science,
[22]XuS], Wang H, Li Q, et al. X-ray diffraction and opti- 2015, 11 727 -732.

cal characterization of interdiffusion in self~assembled [24] Zhang ', Huang G S, Nie X F, et al. Energy Band Modu-

InAs/GaAs quantum—dot superlattices [J]. Applied Phys- lation of GaAs/Alj,Ga,,,As Quantum Well in 3D Self—As-

ics Letters, 2000, 77(14): 2130-2132. sembled Nanomembranes [J]. Physics Letters A, 2019,

[23] Aziz—Aghcheghala V L, Pishbaz M, Effect of Interdiffu- 383, 2938.



