
Our reference: PLA 25796 P-authorquery-v14

AUTHOR QUERY FORM

Journal: PLA Please e-mail your responses and any corrections to:

Article Number: 25796 E-mail: corrections.esch@elsevier.vtex.lt

Dear Author,

Please check your proof carefully and mark all corrections at the appropriate place in the proof. It is crucial that you NOT
make direct edits to the PDF using the editing tools as doing so could lead us to overlook your desired changes. Rather,
please request corrections by using the tools in the Comment pane to annotate the PDF and call out the changes you would like
to see. To ensure fast publication of your paper please return your corrections within 48 hours.

For correction or revision of any artwork, please consult http://www.elsevier.com/artworkinstructions

Any queries or remarks that have arisen during the processing of your manuscript are listed below and highlighted by flags in the
proof.

Location Query / Remark: Click on the Q link to find the query’s location in text
in article Please insert your reply or correction at the corresponding line in the proof

Q1 The author names have been tagged as given names and surnames (surnames are highlighted in teal
color). Please confirm if they have been identified correctly and are presented in the desired order.
(p. 1/ line 15)

Q2 IMPORTANT!!! Please note that your MS Word manuscript was converted to LaTeX in the appropriate
Journal layout and style. Therefore, the final proof might have some flaws. Kindly please check your
proof carefully in this regard. (p. 1/ line 39)

Q3 Figure(s) will appear in black and white in print and in color on the web. The figure(s) contains

ne
ded

den

this
l if
m

references to color or the colors are mentio
the interpretation of the colors has been ad

Q4, Q5, Q6, Q7 Please check if sponsor names have been i

Please check
your approva
corrections to
Thank you for your assistance.
d in the main text. Based on this, the explanatory text about
. Please check, and correct if necessary. (p. 3/ line 35)

tified correctly and correct if necessary. (p. 7/ line 4,6,8,10)

box or indicate
you have no
ake to the PDF file
Page 1 of 1

mailto:corrections.esch@elsevier.vtex.lt
http://www.elsevier.com/artworkinstructions
http://www.elsevier.com/artworkinstructions


JID:PLA AID:25796 /SCO Doctopic: Nanoscience [m5G; v1.260; Prn:28/06/2019; 8:50] P.1 (1-5)

Physics Letters A ••• (••••) •••–•••

vail

s 

vier

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15Q

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39Q

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

Ga

Ca

versi
e Ac
nove
osys

igat -
4As te 
stru e 
ized es 
s ca e 
ran ht 
also er 
sely d 

ial.  
.

d.

-
r-
t, 
t, 
e 
-
e 

c-
-
s 
o 
-
h 
e 
r 
f 

al 
s, 

).

-
is 
-
d 
e 
e 
-
f 
 

e 
s. 
o 
y 
r 
 

e 
-

s. 
s 
e 
 

f 
Contents lists a

Physic

www.else

1

2

Energy band modulation of GaAs/Al0.26
self-assembled nanomembranes

Fei Zhang a, GaoShan Huang a,∗, XiaoFei Nie b, Xin
ZengFeng Di d, HongLou Zhen b, YongFeng Mei a,∗
a Department of Materials Science, State Key Laboratory of ASIC and Systems, Fudan Uni
b State Key Laboratory of Infrared Physics, Shanghai Institute of Technical Physics, Chines
c Institut für Festkörperphysik, Leibniz Universität Hannover, Appelstrasse 2, 30167, Han
d State Key Laboratory of Functional Materials for Informatics, Shanghai Institute of Micr
Shanghai 200050, People’s Republic of China

a r t i c l e i n f o a b s t r a c t

Article history:
Received 12 March 2019
Received in revised form 5 June 2019
Accepted 24 June 2019
Available online xxxx
Communicated by M. Wu

Keywords:
Quantum well
Nanomembrane
Energy band
Strain
Stark effect

In this study, we invest
taining GaAs/Al0.26Ga0.7
that the self-assembled 
energy band is thus real
with different curvature
other hand, the optical t
emission intensity. We 
of 150 μm, which is clo
the piezoelectric potent
infrared photo-detectors

1. Introduction

Quantum well (QW) is a type of low-dimensional semiconduc
tor material which is artificially modified by energy band enginee
ing. The low-dimensional properties, such as quantum size effec
quantum tunneling, Coulomb blocking, and nonlinear optical effec
are the basis of new generation of solid-state quantum devices, lik
QW infrared photo-detectors (QWIPs), lasers based on QW mate
rials, etc. [1–10]. However, in conventional QW devices, only th
incident light whose electric vector is parallel to the growth dire
tion of the QW contributes to the photo-current, and so the quan
tum efficiency of the opto-electric device is low. In our previou
work, we combined rolled-up nanotechnology with QW devices t
fabricate microtubular QWIPs [11]. We notice that the view an
gle of the rolled-up device is remarkably expanded without muc
attenuation and quantum efficiency is also enhanced due to th
internal light reflection or optical resonance in the microtubula
cavities [12–17]. It is worth mentioning that the modulation o
the energy band structure can significantly change the physic
properties of QW for various applications. In previous literature
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e the modulation of energy band in 3D self-assembled nanomembranes con
 quantum wells (QWs). Photoluminescence (PL) characterizations demonstra
ctures have different optical transition properties and the modulation of th
. Detailed spectral analyses disclose that the small strain change in structur
nnot cause remarkable change in energy bands in Al0.26Ga0.74As layer. On th
sitions of GaAs QW layer is influenced by the strain evolution in term of lig
 find the first order Stark effect in rolled-up nanomembrane with diamet
 connected with the coupling effect between the deformation potential an

Our work may pave a way for the fabrication of high performance rolled-QW

© 2019 Elsevier B.V. All rights reserve

several approaches have been demonstrated to modulate the en
ergy band. For instance, strain in self-rolled nanomembranes 
capable of altering the properties of the materials [17–20]. In ad
dition, the change in the composition may also influence the ban
structure and the doping level and the electrical properties wer
tuned significantly [21,22]. Nevertheless, specific study about th
modulation of the energy band of QWs and its effect on intra
band and interband carrier transitions are still short so far. It is o
great theoretical and application significance to investigate them
in more details, so that clues may be found for optimizing th
performance of the QWIP or preparing new type of QW device
The 3D self-assembled nanomembrane structures are expected t
provide a good platform for the relationship between the energ
band modulation of QWs and the intraband & interband carrie
transitions because the geometry and the strain status in the QW
nanomembrans can be tuned controllably.

In this study, we fabricate 3D self-assembled nanomembran
structure with different geometries to study the energy band mod
ulation mechanism of GaAs/Al0.26Ga0.74As QW nanomembrane
We find the optical transition properties of the nanomembrane
and the energy bands in Al0.26Ga0.74As layer is not sensitive to th
small curvatures change. However, the energy bands of GaAs QW
layer move downward due to the strain evolution after release o
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. 1. (a) Schematic diagram of multi-layered nanomembrane and the self-rolled 
ular with electrodes. The bottom part is GaAs substrate, and the dotted line is 
 neutral line which is the boundary between the parts with tensile and compres-

e strains respectively. Optical microscopy images (top view) of rolled-up struc-
es with the diameter of (b) 127 μm and (c) 150 μm. The bright line on the black 

ple is reflected light. (d) A typical optical microscopy image of a rolled-down 
ucture viewed from the side. The dotted line is the corresponding profile. (e) 
typical optical microscopy image of a wrinkled nanomembrane (top view). The 
sed parts are marked with “I”, “II”, and “III”.

e pre-strained nanomembrane. The potential energy of electrons 
 rolled-up nanomembrane is also affected by the coupling effect 
tween the deformation potential and the piezoelectric potential 
r different curvatures.

Experimental

The samples used are self-rolled nanomembrane structures 
ith different geometries, in which the strain status can vary in 
e controllable mathod. The nanomembranes were fabricated us-
g molecular beam epitaxy (Fig. 1(a)). Prior to the growth of the 
tive nanomembrane, 200 nm GaAs buffer layer was grown at 
560 ◦C. For the epitaxial growth of the active nanomembrane, 
 nm AlAs sacrificial layer and 20 nm In0.2Al0.2Ga0.6As stress 
er were firstly deposited. Then ∼50 nm GaAs conductance layer 

llowed as the bottom electrode (AuGe/Ni/Au). Finally, two QWs 
d 20 nm GaAs conductance layer (upper electrode) were de-
sited. Here, each QW is 6.5 nm GaAs layer wrapped by two 30 
 Al0.26Ga0.74As layers (Fig. 1(a)). More details like the growth 

tes and temperatures and doping levels are presented in Sup-
ementary Material A and B. Then, HF solution was used to etch 
ay the AlAs sacrificial layer, and the nanomembrane is self-

lled by the strain release of In0.2Al0.2Ga0.6As stress layer due 
 the energy miniaturization of the system [23,24]. The device 
s then annealed at 380–400 ◦C to achieve a good electrical con-

ct between metallic electrode and GaAs layer. Detailed fabrica-
n process can be found in reference [11] and the Supplemen-

ry Material therein. Fig. 1(a) illustrates the schematic diagram 
 multi-layered nanomembrane and self-rolled tubular structure 
ith electrodes fabricated by conventional semiconductor planar 
chnology. Constant voltages of −3 and −4.5 V were also applied 
 such device to study the effect of external voltage on the optical 
nsitions in the nanomembrane.
The morphologies of the 3D self-assembled nanomembranes 
re characterized by optical microscope (Olympus BX51). The 
otoluminescence (PL) properties of the samples were investi-
ted using LabRAM HR spectrometer. The applied voltage was 
pplied by battery pack for convenient test of PL spectra.

Results and discussion

In our experiment, the self-assembly process initiated after the 
crificial AlAs layer was selectively removed by HF solution. We 
le 1
uence of HF concentrations and etching times on the geometries of the samples.

ample HF concentration etching time (min)

27 μm rolled-up tube 13% ∼4
50 μm rolled-up tube 15% ∼3.5
rinkled >13% >4

olled-down tube <10% ∼7

ticed that HF solutions with the concentrations of 13% and 15% 
 to the formation of rolled-up tubular structures with diame-

rs of 127 μm (Fig. 1(b)) and 150 μm (Fig. 1(c)) respectively, while 
 concentration below 10% caused the formation of rolled-down 
ucture (Fig. 1d). In addition, it is experimentally proved that ex-

nded etching time could develop wrinkled structure (Fig. 1e). Ta-
e 1 summarizes the obtained geometries with different HF con-
ntrations and etching times. Obviously, the different geometries 
 self-assembled structure result from different strain relaxation 
ocesses. Previous investigations also demonstrate that the strain 
adient changes with the distance from the etching front [23,25]
d the releasing history significantly influence the self-assembly 
ocess [26]. Thus, the current approach provides an alternative 
y to tune the geometry of self-assembled nanomembrane. For 

lf-rolled nanomembrane with thickness t , the strain difference 
ε can be expressed as �ε = t/((1 + ν)R0), where ν represents 
isson ratio, R0 is the radius of the structure. Herein, the average 
ain difference in the nanomembrane can be roughly estimated 
 be 0.12% and 0.10% for self-rolled nanoembranes with diameters 
 127 and 150 μm respectively [27,28].

Here, the energy band structures of the 3D self-assembled 
nomembranes were studied by analyzing the PL spectra of the 
mple. First, the PL spectra of flat and rolled-up nanomembranes 
iameter: 150 μm) are excited with high power laser (wavelength: 
4.5 nm) at room temperature to study the high-energy transition 
 the carriers in the nanomembranes. Typical PL spectra is shown 
 Fig. 2(a). The spectra F and R2 were collected with 7.5 mW ex-
ation power while the excitation power for spectrum R1 is 15 
W. According to the reference [29], the energy band gap of GaAs 
around 1.42 eV, and the energy band gap of Al0.26Ga0.74As layer 
ould be larger. The high luminous flux (i.e., high laser power) can 
entify weaker peaks of Al0.26Ga0.74As layer due to larger energy 
p. On the basis of the spectral analyses, band diagrams of the 
0.26Ga0.74As layer are schematically demonstrated in Fig. 2(b). 
o sets of optical transitions can be deduced and the energy 

litting is caused by the coupling between spin and angular mo-
entum [30]. The left diagram in Fig. 2(b) is deduced according 
 the values of the transition energies (1.85–1.89 eV, 1.98–2.04 
, and 2.15–2.20 eV) and it illustrates splitting of the energy lev-
 which are produced by the coupling between resultant spin (L) 
d total orbital angular momentum quantum number (S) (i.e., L S
upling) among the outer electrons of atoms in the Al0.26Ga0.74As 
ers [30,31]. The experimental results show that the smallest 
nsition energy is 1.85 eV which is basically consistent with the 
lues of AlxGa(1−x)As reported previously [32].
The splitted energy levels in right panel of Fig. 2(b) are discrete 

d the transition energies are 2.374, 2.377, 2.390, and 2.400 eV 
hich are deduced according to the peaks in the inset of Fig. 2(a). 
e difference between the first two transition energies is 0.003 
 (2.377–2.374 eV, see inet of Fig. 2(a)), which is consistent with 
e band splitting due to the coupling between the orbital angular 
omentum (l) and spin angular momentum (s) for the outer elec-
ns only in one atom (i.e., ls coupling) [30]. On the other hand, 

e difference between adjacent transition energies for following 3 
aks is ∼0.01 eV (see inset of Fig. 2(a)), which can be judged as 
generate energy level splitting brought by the Coulomb interac-
ns between the electrons [30]. The splitted energy levels here 

dicates that the L S coupling is not particularly strong, otherwise, 
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Fig. 2. (a) PL spectra at room temperature of flat (F) and rolled-up samples (diam-
eter: 150 μm). Spectrum R1 was collected with excitation power of 15 mW and 
spectra R2 and F were collected with excitation power of 7.5 mW. The inset is the 
magnification of the elliptical part and the peaks are marked with the asterisks. 

electrons (e) and the heavy holes (hh) [25,33,34]. The ground an
the first excited states of electrons are marked as e0 and e1 whi
hh0 and hh1 for heavy hole case. The two peaks are therefore co
respond to the e0-hh1 and e1-hh0 transitions respectively [25]. It 
worth noting that the curvature gradually decreases from position
a to e, indicating a slightly changed strain status in the nanomem
brane. However, the transition energies of e0-hh1 and e1-hh0 ar
almost the same in spectra a–e, although the corresponding strai
status are different. This phenomenon further proves our prev
ous deduction that the trivial strain change in the self-assemble
nanomembrane cannot lead to obvious change of the energy lev
els. However, difference of transition energies in nanomemrban
before and after release can still be observed. Fig. 3(a) demon
strate that redshift can be observed in both e0 − hh1 and e1 − hh
peaks after releasing the nanomembrane. This indicates that th
ground state level e0 and the excited state level e1 move down
ward after release. A similar phenomenon is also observed in 
wrinkled nanomembrane. For a clearer comparison, e1 − hh0 peak
of different measuring spots in a wrinkled nanomembrane are an
alyzed in detail, as shown in Fig. 3(b). According to our previou
study [23], we consider that for the rolled-down part (position 
red spectrum), the two QWs are both under tensile strain whi
for the rolled-up part (position C, green spectrum), the two QW
are under compressive and tensile strains respectively. It can b
seen from Fig. 3(b) that the e1 − hh0 peak in spectrum C ap
pears blue shift compared with spectrum B. However, the flat pa
with two compressive QWs (spectrum A) demonstrates the high
est e1 − hh0 transition energy, indicating the compressive strai
can increase the transition energy. Another interesting feature i
the PL behavior of the self-assembled nanomembranes is the obv
ous weakening of e0 − hh1 peak intensity after release (see spectr
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Compared with the flat nanomembrane, the two peaks around 2.376 eV for rolle
up samples blue shift ∼0.27 meV due to ls coupling of outer electrons. (b) Ener
band diagram of Al0.26Ga0.74As layer deduced from the PL results. (For interpret
tion of the colors in the figure(s), the reader is referred to the web version of th
article.)

the broadening of the energy level might make the ls coupling un
detectable. It is worth noting that in our present case the splitte
energy levels should be produced by a coupling effect betwee
L S coupling and J J coupling if the electron configuration is take
into consideration [30]. After the formation of the rolled-up tubu
lar structure by removing sacrificial layer, only the double line
take ∼0.27 meV blueshift as a whole (Supplementary Material C
due to ls coupling and there is no change for the other transition
(inset of Fig. 2(a)). This phenomenon indicates that the ls couplin
of outer electrons is sensitive to the strain change, while Coulom
interaction between the electrons in different atoms is almost un
affected. Therefore, the present experimental results prove tha
band structure is not very sensitive to the strain evolution, and th
small strain change in self-assembled nanomembranes with sma
curvature difference is not large enough to change the energy lev
els of the Al0.26Ga0.74As layer obviously. One may further deduc
that similar situation may exist in both Al0.26Ga0.74As and GaA
layers.

In order to observe the low-energy transition in the GaAs QW
layer, the PL measurements were also carried out with 540 nm
laser while the laser power was significantly decreased to 30 μW
and the obtained spectra were plotted in Fig. 3. Here spectra a-
corresponds to the PL signal collected from different positions o
a 3D self-assembled nanomembrane. It can be seen from Fig. 3(
that with the decrease of the distance to the cut-off edge (pos
tion e), despite the intensity of PL spectrum increases gradual
(possible due to different light scattering/reflection), the line shap
keeps almost unchanged. Two obvious peaks can be distinguishe
and are considered to be due to the recombination between th
only changes the energy of level e0 but also may decrease the po
sibility of associated electron transition.

For a QWIP device, a constant bias voltage may be applie
Therefore, it is also important to study the modulation of en
ergy band when the self-assembled nanomembrane is biased. I
present work, bias voltages of 0, −3, and −4.5 V were applied t
the rolled-up nanomembranes, and the PL spectra excited with 54
nm laser were collected from the top of the rolled-up nanomem
brane (Fig. 4). It can be seen from Fig. 4(a) that the e0 − hh1 pea
is obviously stronger than e1 − hh0 peak for rolled-up nanomem
brane with diameter of 127 μm when biased at −4.5 V. This 
because high voltage and corresponding electric field can enforc
the ground state wave function and the excited state wave functio
to the opposite directions, leading to the change of the relative in
tensity between e0 − hh1 and e1 − hh0 transition [23,35]. Howeve
for the rolled-up nanomembrane with diameter of 150 μm, stron
e0 − hh1 peak is noted when 0 V is applied (see Fig. 4(b)). Obv
ously, the enhanced intensity cannot be connected with the strai
status since the change in the diameter is small. From the poin
of PL line shape, it is observed that the 150 μm-tube with 0 
demonstrates a similar effect for 127 μm-tube with −4.5 V. W
suggest this phenomenon may be produced by interfacial pola
ization, because the spectral profile can be affected by polarize
perturbation [35]. In order to prove this speculation, we calcu
lated the energy shift of the peaks when the samples were biase
Here, we focus on the ratio of the shift (with respect to 0 V) a
−4.5 V to that at −3 V. For rolled-up nanomembrane with d
ameter of 127 μm, the ratio of the shift is ∼2.14, which is clos
to the square of the voltage ratio (4.5 V/3 V). While in the cas
of rolled-up nanomembrane with diameter of 150 μm, the rat
of the shift is ∼1.5. According to previous literature, a ratio clos
to 1.5 indicates the first order Stark effect, and a ratio close t
2.25 suggests the second order Stark effect [23]. We consider th
may also exist in our experiment. The difference should originat
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. 3. (a) PL spectra of a rolled-down nanomembrane. (b) Enlarged view of e1-hh0 tran
 laser position marked by arrows with the same color (inset). Blue color corresponds

. 4. PL spectra of rolled-up nanomembranes with diameters of 127 μm (a) and 150
ltages of 0, −3, and −4.5 V were applied to the samples and the energies of e0-hh1 a

m the 3D self-assembled geometry and the strain distribution 
erein. Specifically, the self-assembly process should produce de-
rmation potential energy and the strain evolution in the GaAs 
d AlxGa(1−x)As layers can induce a piezoelectric potential [36]. 

e coupling of the deformation potential and the piezoelectric po-

ntial will result in spatial anisotropy of electronic Hamiltonian to 
fect the depth of the potential minima of electrons [37–39]. The 
 self-assembled structures with different curvatures possess dif-
ent strain distributions [28] and deformation potential, and the 

ezoelectric potential is also different correspondingly. As a result, 
e two structures demonstrate different piezoelectric behaviors.

Conclusions

The modulation of energy band for rolled QWs is studied in this 
rk. On the basis of detailed PL characterization and analyses, 
o sets of energy levels for Al0.26Ga0.74As layer can be deduced. 
e find that the small strain change for 3D self-assembled struc-
res with different curvature alone cannot lead to obvious change 
 optical transition energy. The analyses of PL spectra of GaAs QW 
er in different structures disclose that the ground state level e0
d the excited state level e1 both will move downward due to the 
ain evolution after release of the pre-strained nanomembrane. 

oreover, we suggest that the first order Stark effect might ex-
 in rolled-up nanomembrane with diameter of 150 μm due to 
terfacial polarization. The results obtained in this work will fa-
itate to modulate the energy band of QW in 3D self-assembled 
nomembranes for high performance QWIPs.
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The following is the Supplementary material related to this article. 
begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent

Label: MMC 1
caption: Supplementary Materials are the experimental details of the epitaxial growth and the enlarged PL spectra.
link: APPLICATION : mmc1
end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent
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Highlights

• Energy band modulation in self-assembled nanomembrane is studied optically.
• The strain has influence on light emission intensity of GaAs quantum well.
• The first order Stark effect in rolled-up nanomembrane is observed.
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