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Abstract: With the advantages such as simple structure, simple process and easy interface control, the photo-
electric devices based on carbon nanomaterial/bulk semiconductor van der Waals (vdW) heterojunctions can
fully realize the ultrahigh carrier mobility of carbon nanomaterials and the excellent photoelectric properties
of bulk semiconductors. Especially, the novel mixed-dimensional vdW heterojunctions can be prepared by
controlling the diameter/chirality and Fermi level of single-walled carbon nanotubes (SWCNTSs) to form
atomic-level interfaces and match bandgaps with bulk semiconductors. Here, we reported a self-powered
broadband photodetector based on the pn vdW heterojunctions by combining (6, 5)-enriched semiconducting
SWCNT film with n-type GaAs, and used graphene to reduce the probability of carrier recombination in SW-
CNT film and to promote the carrier transport. The experimental results suggest that the self-powered device
exhibits high-sensitivity photoelectric response toward the incident photons in the 405~1064 nm range, and
that the max photoelectric responsivity of 1.214 A/W and the specific detectivity of 2 x 10'? Jones could be

achieved at zero bias.
Key words: van der Waals heterojunctions; single-walled carbon nanotubes; GaAs; self-powered photode-
tectors
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1 Introduction

As a typical quasi-one-dimensional nanomater-
ial, Single-Walled Carbon NanoTubes (SWCNTs)
can exhibit semiconduct or metallic according to
their diameter and chirality. Moreover, the semicon-
ducting SWCNT has a direct bandgap that is in-
versely proportional to its diameter!?. SWCNT is
widely applied to construct high-performance pho-
toelectric devices owing to its ultra-high carrier mo-
bility (10° cm?Vs), high absorption coefficient
(10*-10%/cm) and long exciton diffusion length®~!
However, strong Coulomb interaction results in the
existence of photogenerated electron/hole pairs in
the form of excitons after the SWCNT absorbs
photons. The exciton binding energy of several hun-
dred meV is directly affected by the SWCNT dia-
meter™®®, In order to promote effective exciton sep-
aration, the application of strong electric fields or
the fabrication of heterojunctions is usually pursued
to establish strong built-in electric fields. In particu-
lar, the strategy of building heterojunctions with

other materials, such as bulk semiconductors, nano-

s PPALAR; B 3RS b AR 25
doi: 10.37188/C0.2021-0149

materials and polymers, is widely used to enhance
exciton separation and carrier transport®'®,

With the advantages such as simple structure,
simple process and easy interface control, the SW-
CNT/n-type bulk semiconductor vdW heterojunc-
tion, a type of SWCNT-based heterojunction, can
fully utilize the ultrahigh carrier mobility of SW-
CNT and the excellent photoelectric properties of

bulk semiconductors!!?!®,

More importantly, this
novel device has broken through the limitation of
lattice matching in the growth process of traditional
p-n junctions. It can also avoid the disorder inter-
face structure caused by mutual atom diffusion
during the formation of vdW heterojunctions, thus
facilitating the separation and transport of photogen-
erated carriers at the interface!"?%. Therefore, the
photoelectric devices based on SWCNT/bulk semi-
conductor vdW heterojunctions are expected to ex-
hibit higher photoelectric response!''®, In addition,
the novel mixed-dimensional vdW heterojunctions
with atomic-level interfaces, whose bandgaps are
matched with those of bulk semiconductors, can be
formed by controlling the diameter/chirality and
Fermi level of SWCNTs to facilitate the develop-
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ment of new wide-spectrum photoelectric devices
with higher performance.

Different from indirect bandgap semiconduct-
or silicon, gallium arsenide (GaAs) is a direct
bandgap semiconductor with better photoelectric
performance, more suitable bandgap and higher car-
rier mobility, and has been widely used in high-effi-
ciency space solar cells. Therefore, the photoelec-
tric devices based on SWCNT/GaAs vdW hetero-
junctions are expected to exhibit higher photoelec-
tric response than those based on silicon vdW het-
erojunctions. Liang et al?!. first proved the exist-
ence of strong rectification performance in a single
SWCNT/n-GaAs heterojunction, and observed obvi-
ous photovoltaic effect under irradiation condition.
This has laid a foundation for the development of
high-performance self-powered SWCNT/GaAs pho-
todetectors. Li et al®, reported the photovoltaic re-
sponse of a single SWCNT/n-type GaAs heterojunc-
tion. They found that the carrier transport was dom-
inated by thermoelectron emission at low forward
bias, while the hole tunneling in the pass interband
state mainly contributed to electric current at low re-
verse bias. Behnam et al**l. studied the Metal-Semi-
conductor-Metal (MSM) photodetector based on
SWCNT film/GaAs Schottky contact, and found
that thermoelectron emission was the main transmis-
sion mechanism in the SWCNT film/GaAs hetero-
junction at a temperature above 260 K. The detector
exhibited 0.161 A/W photoresponsivity and high
switching ratio under 633 nm laser irradiation and
10 V bias.

However, the presence of the SWCNTs with
different diameters or mixed conductive properties
can easily lead to the non-radiative recombination of
carriers in the films, and reduce the separation and
transmission efficiency of photogenerated carriers.
Therefore, we fabricated a self-powered photode-
tector based on the p-n vdW heterojunctions by
combining (6, 5) enriched SWCNT film with n-type
GaAs, and graphene is used to reduce the probabil-
ity of carrier recombination in SWCNT film and to

promote the carrier transport. We tested in detail the

wide-spectrum response characteristics of the device
in the visible-near infrared band at zero bias. Our
results also verify the feasibility of fabricating high-
efficiency solar cells based on the vdW heterostruc-

tures.

2 Experiment

2.1 SWCNT film preparation

SWCNT film has been prepared by vacuum ex-
traction and filtration®!. The specific steps are de-
scribed as follows. Firstly, 0.5 mg (6, 5)-enriched
SWCNT powder (purchased from Sigma-Aldrich)
was dispersed into aqueous sodium dodecyl sulfate
(SDS) solution (0.01 g/mL) using low-temperature
ultrasonic treatment for 2 h. The mixed solution was
centrifuged at 14 000 r/min for 20 min to remove the
inadequately dispersed SWCNT powder. Then,
10 mL centrifuged supernatant was gradually added
to the vacuum filtration device with cellulose film
(0.22 pum) for filtration and membrane formation.
After the mixed solution was filtered, excessive de-
ionized water was added to clean the excess SDS in
SWCNT film to reduce its influence on the conduct-
ivity of SWCNT film. Finally, the (6, 5)-enriched
SWCNT film on cellulose film was dried in a 40°C
vacuum oven for 2 h.
2.2 Fabrication of graphene/SWCNT/GaAs vdW

heterojunction photodetectors

In this paper, a photoelectric device with vdW
heterojunctions was fabricated on a single-side
polished n-type GaAs substrate (10 mmx10 mm,
20 um) with AuGeNi eutectic alloy (4 pm) elec-
trode deposited on its back. Firstly, the GaAs sub-
strate was cleaned with acetone, isopropyl alcohol
and deionized water successively to remove surface
oil stains. Then, an 80 nm Al,O; insulation layer
was deposited on the significant surface of GaAs
substrate by atomic layer deposition technology, and
a 3 mmx3 mm window was opened in its middle.
Subsequently, the GaAs substrate was immersed in
(NH,),S solution for 30 min to passivate the GaAs

surface within the window, and excess (NHy),S
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solution was removed with deionized water. Later,
the prepared SWCNT film (7 mmx*7 mm) was trans-
ferred above the patterned window and directly con-
tacted with GaAs to form the SWCNT/GaAs vdW
heterojunctions, and the cellulose film was dis-
solved and removed by slowly dripping acetone.
The graphene was then transferred to the upper sur-
face of SWCNT film by wet process. Finally, the
graphene /SWCNT/GaAs vdW heterojunction pho-
todetector was obtained by applying silver paste on
the graphene surface around the window to form
ohmic contact.
2.3 Testing and characterization

The surface morphologies of the graphene/SW-
CNT film/GaAs vdW heterojunction were charac-
terized by Scanning Electron Microscopy (SEM)
(Zeiss Ultra Plus, Germany). The Raman peak shift
of the heterojunction was performed Via Renishaw
Raman spectroscopy with an excitation wavelength
of 514 nm. The photoelectric performance of the
device was evaluated using Agilent 4156C semicon-
ductor parameter analyzer at room temperature, and
the current-voltage (I-V) curve and current-time (/-
T) curve were measured by irradiation with 405—
1064 nm laser and AM1.5G standard solar simulat-
or. The frequency response curve of the device was
measured by a chopper (4—400 Hz) and a digital os-
cilloscope (Tektronix, TDS 3052C).

(a) Graphene/
semiconductingSWCNT Ag electrode
J film

n-type GaAs

AuGeN:i electrode

3 Result and discussion

The structure of the fabricated graphene/SW-
CNT film/GaAs vdW heterojunction photodetector
is shown in Figure 1(a). It can be clearly seen that this
is a p-n heterojunction structure directly formed by
(6, 5)-enriched SWCNT film and n-type GaAs, sig-
nificantly different from the previous SWCNT net-
work/graphene/GaAs heterojunction photodetector,
which is a Schottky heterojunction®. In this paper,
the use of (6, 5)-enriched SWCNT film can im-
prove the absorption of photons in bands smaller
than GaAs bandgap. On the other hand, the Fermi
level of SWCNT film can be later regulated by dop-
ing to better facilitate the fabrication of high-perfor-
mance wide-spectrum photodetectors. Here, graph-
ene mainly plays a role in promoting the transport
of photogenerated carriers in the SWCNT film.
Figure 1(b) shows a typical SEM image of graphene/
SWCNT film/GaAs vdW heterojunction surface in
the window area. It can be clearly seen that SW-
CNT and graphene forms a uniform meshed film on
the GaAs surface, and no obvious residue of surfact-
ant SDS is observed, indicating that the SDS remov-
al is relatively thorough in the process of SWCNT
film filtration. This will help improve the photoelec-

tric performance of vdW heterojunction devices.

llin;l EHT=20.00 kV  Signal A=InLens Date: 5 Oct 2020 e

WD=5.4 mm Mag=5.00 KX  Time: 22: 43: 50

Fig. 1 (a) Schematic diagram of graphene/SWCNT film/GaAs vdW heterojunction photodetector structure; (b) SEM image of
graphene/SWCNT film

E 1 (a)f#H/SWCNT I5/GaAs vdW S RZDE RN ZR 25107 2 & (b) A B2J4/SWCNT [ SEM & H



2 W

HUO Ting-ting, et al. : High-performance self-powered photodetectors based on ... 377

We first tested the J-V curve of the graphene/
SWCNT film/GaAs vdW heterojunction photode-
tector in dark state and AM1.5G light condition, as
shown in Figure 2. It can be clearly seen from the J-
V curve for dark state that the device has an obvi-
ous rectification effect, indicating that the (6, 5)-en-
riched SWCNT film is combined with GaAs into a
good p-n junction in the device. It should be noted
that the current density of device in the first quad-
rant is low. Under the AM1.5G standard solar radi-

ation, the J-V curve obviously moves downward,

(a) 250

)

O, 200
150 | /
100 |

50+

Current density/(uA-cm

() S—

-1.0 -0.5 0 0.5 1.0

Voltage/V

and the short-circuit current density (J;.) of device
rises up to 19 mA/cm? an indicator of excellent
photovoltaic performance. This indicates that the
device has the potential to build efficient solar cells.
The rectification performance of the device is ana-
lyzed based on the classical thermoelectron emis-

sion principle:

qV
- -1, 1
J = Jylexp (nkoT) ] QD)
* q¢ﬂ5
Ja=A T? — s (2)
e 2
® o
"ﬁg |
<
E 10}
2
&
5 15|
5
b — L
0 05 0 0.5 1.0

Voltage/V

Fig.2 Typical J-V curves of graphene/SWCNT film/GaAs vdW heterojunction photodetector in (a) dark state and (b) AM

1.5G condition

E 2 fA2MA/SWONT {/GaAs vdW SR Z5EHIRIMERTE (2) BEASA (b)AM 1.5G & TRy J-V Hh4k

where Jy; is the reverse saturation current density, 7
is the absolute temperature, k, is Boltzmann con-
stant, A* is the effective Richardson constant, and
@, is the barrier height. From the J-V curve for dark
state, it can be concluded that the saturation current
density (Jy) is 9.93x1077 A/cm?, and that the thermo-
electron emission plays a dominant role in carrier
diffusion and generation recombination. However,
the increase of current density drops sharply in the
first quadrant, which may be related to the exist-
ence of the reverse junction. As a result, the J-V
curve of the device is different from the existing res-
ult, but the open-circuit voltage is not significantly
affected and is still 0.63 V. Therefore, the
graphene/SWCNT film/GaAs vdW heterojunction is
mainly viewed as a self-powered photoelectric

device and is evaluated in terms of detection per-

formance.

In order to evaluate the detection performance
of the graphene/SWCNT film/GaAs vdW hetero-
junction devices as self-powered photodetectors, we
measured the photoelectric response at different
laser wavelengths at room temperature, as shown in
Figure 3 (Color online). Figure 3(a)~(b) shows the
typical J-V curves of the graphene/SWCNT
film/GaAs vdW heterojunction photodetectors un-
der laser irradiation at different wavelengths. It can
be clearly seen that all J-V curves move downward
at different laser wavelengths, indicating that the
vdW heterojunction devices exhibit obvious photo-
voltaic effect. In particular, the maximum short-cir-
cuit current density (Ji,) of the device can reach

22.48 mA/cm? under the irradiation of 405 nm laser
with 30 mW/cm? optical power density. It is worth
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noting that the device can still produce a relatively
obvious photovoltaic effect under 1064 nm laser ir-
radiation. The downward shift of J-V curve to break
through the 860 nm absorption limit of GaAs is
mainly caused by the existence of (6, 5)-enriched
SWCNT film in the heterojunction. Thus, the photo-
induced carriers generated by (6, 5)-enriched SW-
CNT film after absorbing photons can be separated
into electron-hole pairs at the heterojunction inter-
face and exported to the external circuit to form a
photocurrent dominating the photoelectric response
process of the device. The introduction of graphene
can help enhance the transport of holes in the SW-
CNT film and improve the ability of charge collec-
tion. Therefore, the subsequent optimization of
graphene, the thickness and Fermi level of SWCNT

=~
©
=

film, bandgap and the SWCNT-GaAs interface con-
tact will be expected to further improve the photo-
electric response characteristics in long-wave band.
Figure 3(c)~(d) shows the stability curves of the
graphene/SWCNT film /GaAs vdW heterojunction
photodetector irradiated at different laser wave-
lengths. It can be clearly seen that the photocurrent
density increases or decreases rapidly with the
laser on or off, and the device exhibits fast photo-
electric response and excellent photoelectric re-
sponse stability under 405—1064 nm laser illumina-
tion. Moreover, the device shows a high switching
ratio, which is greater than 1.1x10° under 406~860 nm
laser illumination and is 2.5 even when irradiated by

1064 nm laser.
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Fig.3 (a) (b) J-V curves of the graphene/SWCNT film/GaAs vdW heterojunction photodetector irradiated at different laser

wavelengthes. (c¢) (d) Photoelectric response repeatability curves when irradiated by laser with different laser

wavelengthes at zero bias
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In addition, we tested the transient light re-

sponse of the device at 200 Hz frequency and
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405 nm laser wavelength, as shown in Figure 4. It
can be seen that the photodetector shows a fast re-
sponse speed when switching the on/off state. The
photoelectric response curve is still complete at the
frequency of 200 Hz. When the frequency is further
increased, the photoelectric response of the photode-
tector begins to decline before reaching a maximum.
Thus, the maximum response frequency of the self-
powered photoelectric device based on graphene/
SWCNT film/GaAs vdW heterojunction is 200 Hz.
In addition, the photoelectric response time of the
device can be extracted from the photoelectric re-
sponse curve. In general, the response (¢.)/recovery
(t;) time of the device is defined as the time re-
quired for the photoelectric current to rise/fall to
90%/10% of the maximum photocurrent, respect-
ively. From Figure 4, the response (¢,)/recovery (f)
time can be determined as 60 ps and 910 ps, re-
spectively. The response time of tens of micro-
seconds indicates the ultra-fast carrier separation ef-
ficiency at the SWCNT/GaAs interface and the ul-
tra-high charge transport efficiency of the whole
graphene/SWCNT film/GaAs vdW heterojunction
photodetector.

i

-8 -4 0 4 8
Time/ms

Normalized current/(a.u.)

Fig.4 Transient light response curve of the device under

405 nm laser irradiation

Kl 4 405 nm SOLHREIRAE T S0 BRS R I H 2k

We further evaluated the photoelectric respons-
ivity (R) and specific detectivity (D*) of the
graphene/SWCNT film/GaAs vdW heterojunction
photodetector. The R and D* values at different
laser wavelengthes can be obtained according to the

following formula:

I—1,
RAZPP? N (3)

f A
D*= |—R, ., 4
qud

where 1, is the photocurrent, /; is the dark current,
P, is the incident light power, and 4 is the effective
area (9 mm?). By changing the laser wavelength and
incident power density, the change values of R and
D* values of the graphene/SWCNT film/GaAs vdW
heterojunction photodetector are obtained, as shown
in Figure 5. It can be seen from the photoelectric re-
sponse curves in Figure 5(a)—(b) that the photoelec-
tric responsivity of the device increases as a whole
with decreasing the incident power density. This
change trend basically accords with the general law
of photo detector, this is because the incident light
can be absorbed by the device and be fully conver-
ted into current with the decrease of the incident
power. From Figure 5(a), the maximum R value of
the self-powered photodetector under 405 nm laser
irradiation can reach 1214 mW/cm? which is high-
er than the values reported in previous studies®. Al-
though the photoelectric response of the device at
980—1064 nm is 3 orders of magnitude lower than
that at 405—860 nm, this result still demonstrates the
feasibility that the graphene/SWCNT film/GaAs
vdW heterojunctions fabricated in this paper can
further broaden the spectral response range. Sub-
sequently, high photoelectric responsivity can be
expected at 405—1064 nm by optimizing the relat-
ive thickness of SWCNT and GaAs until their
light absorption is of the same order of magnitude.
Figure 5(c)~(d) shows the specific detectivity curves
of the device under different laser wavelengths and
optical power densities. Similar to the photoelectric
responsivity, the specific detectivity also increases
as a whole with decreasing incident power density,
and the maximum specific detectivity of 2x10"
Jones can be obtained at 405 nm laser wavelength
with the power density of 5 mW/cm?,

In order to better understand the working me-
chanism of the graphene/SWCNT film/GaAs vdW



380 HEDE

—~
)
=

—=—405 nm —+-532 nm —4—650 nm
1200 "\ 780 nm —+—860 nm
21000} T
- .
< 800 .
2
= . el
é 600 "-_-_74“_':_ _-\__j":-\__._\_::_\_‘.__ =
2 /<\ Mg e =
&~ 400 f N P
e <
—t——— »———» @
200 1 1 1 1 1 1
5 10 15 20 25 30
Power density/(mW-cm2)
(©) 30
—=—405nm ——532nm —— 650 nm
—+—780 nm —+—860 nm
25
Q
= ——
=2 --\--""'1____
e 2.0 T
= \"__‘——1
=
= 1.5}
2 . e e g
2ol < N~ T
S p5 : =
A & B o —y-
—— -~ +
0.5 . - - -

5 10 15 20 25 30
Power density/(mW-cm™)

%15 %
b) 1.0
® —=—980nm —+— 1064 nm
-—
= 08¢ e — o
=
<
£ 06}
B
=
2 04r
=}
o
3
& 02+
P B S S— —
5 10 15 20 25 30
Power density/(mW-cm2)
@ 980 1064
e
2 T
815t
5
Z10}
2
8
8 st
P e S S S

5 10 15 20 25 30
Power density/(mW-cm2)

Fig. 5 The responsivity (a~b) and specific detectivity (c~d) of graphene/SWCNT film/GaAs vdW heterojunction photodetect-

ors as a function of incident light power density under zero bias conditions
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heterojunction photodetector, we analyze the en-
ergy band structure and charge transfer process at
the interface. Since the SWCNTSs used in this paper
is a (6, 5)-enriched semiconducting SWCNTs, the
energy band structure of (6, 5) SWCNTs is used to
analyze the energy band structure of SWCNT/
GaAs heterojunction and its working mechanism is
discussed. As we know, the Dirac point of graphene
is 4.6 eV, and (6, 5) SWCNT exhibits a weak p-type
with a conduction band of 3.9 eV and a valence
band of 5.1 eV. The Fermi level of n-type GaAs is
close to its 4.07 eV conduction band, and the en-
ergy band structure of the vdW heterojunction is
shown in Figure 6. When (6, 5) SWCNT contacts
with n-type GaAs, a Il-type heterojunction can be
formed due to the difference between their conduc-
tion bands and valence bands. According to the
band theory, the static electron transfer from n-type
GaAs to (6, 5) SWCNT happens after the contact,

which can be confirmed by Raman spectrum®., A
built-in electric field is formed between graphene/(6,
5) SWCNT and n-type GaAs, resulting in the bend-
ing of their energy bands. When the excitation
wavelength is shorter than 860 nm, the electron/hole
pairs are generated in (6, 5) both SWCNT and n-
type GaAs, and then will be separated and transpor-
ted to the external circuit under the action of the
built-in electric field at the interface. The photogen-
erated holes in n-type GaAs drift towards the (6, 5)
SWCNT side, and then are collected by electrodes
and transported to the external circuit. However,
when the excitation wavelength of laser exceeds the
absorption limit of n-type GaAs, the optical absorp-
tion of the device mainly comes from (6, 5) SW-
CNT film, the photo-induced electron-hole pairs are
separated by the built-in electric field at the SW-
CNT/GaAs heterojunction interface, and the photo-

induced electrons are transferred to the external cir-
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cuit through n-type GaAs. The existence of
graphene is conducive to reduce the probability of
photo-generated carrier combination during the
transport in SWCNT film so that more holes will be
transport to the external circuit. Therefore, when the
excitation wavelength is larger than 860 nm, the
graphene/(6, 5) SWCNT film dominates the photo-

electric response process.

how
[ ) u
E
\_/ ® @
(6, 5) SWCNT n-type GaAs

Fig. 6 Schematic diagram of the energy band structure of
graphene/SWCNT film/GaAs vdW heterojunction
exposed to light irradiaton

E 6 f184/SWCNT [K/GaAs vdW TR 451E )G IR ) BE

e A

4  Conclusion

In conclusion, we report a self-powered photo-

—— SO R fl——

1 351 &

Ay HURY (1 o — SR Kb B}, BBERR A0 K
(SWOCNT) AR5 H: B A2 AP R 80 2 AR AR
S @, T H 2 SR SWCNT S 4245 B 5
7R 5 EAR BUR L G FRUA, HE ERR ERS
F(10° ecm? / Vs) | fm W & £ (10-10%cm) FlH&
BT B B 75 SWCNT 8512 i FH TR 30 s
PEREGHL AR, (B, BORE S E/EH S
H SWCNT W IOE )5 T e s S Az B /28 91
XL B AL, HACH meV T4 G0
% SWCNT H &2 B m e, T4 7
RGBS, R R A b R S A 1
7 A PMEIE R N i . JLHDE, @it 5
AR B AN T KB BRI G ) 1

detector based on graphene/SWCNT film/GaAs
vdW heterojunction, in which, the p-n junction
formed by (6,5)-enriched SWCNT film and n-type
GaAs plays a dominate role, while graphene is used
to reduce the probability of carrier recombination in
SWCNT film and promote the carrier transport. The
experimental results show that the self-powered
photodetector based on graphene/SWCNT film/
GaAs vdW heterojunction exhibits a sensitive pho-
toelectric response to 405—1064 nm visible-near in-
frared light, breaking through the absorption limit of
GaAs, and demonstrating the feasibility of further
broadening the spectral response range of a GaAs-
based photodetector based on vdW heterojunction.
The photoelectric responsivity and specific detectiv-
ity of the device under 405 nm laser irradiation can
reach 1.214 A/W and 2x10'* Jones respectively. It
may be attributed mainly to the light absorption of
n-type GaAs and the formation of vdW heterojunc-
tion. By further optimizing the structure and para-
meters, the devices based on graphene/SWCNT
film/GaAs vdW heterojunctions are expected to be
used as high-efficiency solar cells and wide-spec-

trum photodetectors.

LS A BRI Z FH T RIS o B AR
sl

7E SWCNT 2 57 Fi 45, SWCNT /n AU {£ 2
SARJEEAE (van der Waals, vdW) 5 i 45 1] LA 7]
BRI SWCNT (14788 i 2k i 1A 8 DL S A &
R STOC R ERE, B, T2RE, 5
TR T A S U, A R K AR
PSSR SEME T AL 58 pn G5B K T4 P sz
& VT AT (14 BR A1, 1M EL A n] LAGEE S0 vdW 5 B 45
T B A v JE - AH S S0 S T T S5,
HET A R F 6 A 20 1 A 5 T Ak 1 43 B N
B0 P, FE T SWONT Mk SR vdwW 5
S5 10 6 FL A R A R R B R Y Ol H ) R
PO, 55 Ah, 3 i P 8 SWONT # B4R /4
FOKRE Y AE S 50T L5 1k 2 AR I Bl g 45 DU
it . B B G A A B A A vdW R
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45, AR T IT A P ERE BT L SO LA
5 A B SR REAH], B LR (GaAs) &
—Fp A LSS OC R RE B B B R R T

RO p) I TR RS R PHAR L . PRI,
T SWCNT/GaAs vdW 5 25 G L 214 22
L AESE vdW S BT 45 L A R B T R e e
W o P o Liang 4521 1 5CIE B T 78 B4R SW-
CNT/n-GaAs 5t 5 25 A3 AR 5 (1) 2 e dg, JF H
FEG IR WS E] T B R AR RN, 13Xk et
H it B SWCNT/GaAs )t HL R I 45 2558 T FE il
Li 2522 358 7 B SWCNT/n B GaAs S JF 45 1Y
SRR o K BRI A% A (I 1 ) i T P AR
THRE T RS F 5, 0w RS 2 7%
F EEARAR T sk i . Behnam 45
W55 73T SWONT #i/GaAs 1 R4 filAY 4
J& -2 TR -4 8 (MSM) Y HL T 2%, I & BLTE
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2.
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3 REGitE

FAR S A A5 /SWCNT HR/GaAs vdW 5+
JE 25 L AR I S5 R s AN 1(a) iR, 7T
PIVEREE H, fEiZ S REE S5 F b (6, 5) Frh 11
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ZHI) SWCNT W45/41 86H5/GaAs 54 L 2%
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