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Abstract

Carbon nanotubes (CNTs) have excellent electrical, thermal, optical, and
magnetic properties, so that we made use of self-suspended vacuum
filtration to fabricate Buckypaper (BP). This process makes electrical
measurements and observation on the macroscopic more be easier.

The study provides evidences for carrier doping. The P-type of BP will
converted to N-type BP under vacuum degree of 5x10™ torr with different
annealing temperature (400,600,800 degrees Celsius), and different
doping concentration (phosphorus glue, phosphorus in alcohol) and also
with different annealing time (20, 60, 100 minutes). The doping results
can be found by the Hall measurement and electrical properties of the
samples are well analyzed by standard I-V measurement.

By various configurations above, we found the optimal condition to
make a perfect PN junction. The phosphorus glue was doping by
annealing in 120 minutes at 400 degree temperature. That is sufficient to
make the half part of Buckypaper to N-type and the other half part remain
the original P-type. By this methodology, the PN junction can be formed
between carbon nanotubes, in other words between one piece of the BP.

When the PN diode of BP was well prepared, we measure the Hall
voltage in both N-type and P-type sides. In this case, nanotubes behaved
as internal PN junction characteristics, thus we further made electrical
measurements of the amount of other PN junction. By a standard
procedure, the I-V curve of standard commercial diode and our PN diode
of BP were extracted by semiconductor parameter analyzer. And we
discovered the turn-on voltage of about 100uV, and breakdown voltage of
around 200uV. The device physical trends are consisted with
semiconductor theory.

In next step, we put two samples into temperature and humidity testing
machine, to verify the temperature effect of the electrical properties. The
results show that the turn-on voltage drops to 50uV at high temperature of
100 degrees, and breakdown voltage shifts to 600uV at -40 degrees
temperature. The carrier distribution of temperature thus results in voltage
variations.



Finally, we measured the effect of capacitance value based on
semiconductor physics theory. When a forward bias was applied to the
PN junction, the depletion region was narrowed, thus the capacitance
increased and the capacitance decreased with a reverse bias.
Measurement results show the same physical trends in our device with
the standard PN diode. And carbon nanotubes have a capacitive effect of
the paper by itself. Therefore the capacitance value is about 1uF which is
larger than the value of a standard diode of 15pF.

In this study, the PN junction of BP can be made by phosphorus glue
doping under. very high vacuum atmosphere. The way is better than the
past doping process due to free of the water vapor and oxygen
interference restoring the P-type material. There are still a lot of issues of
PN junction doping and that take times to solve it. If we could control the
process parameters precisely and make the junction doping stronger, we
will make a better useful PN diode in the carbon-based device which can
be used in industry.

Keyword: Carbon nanotubes, Buckypaper, Annealing modification,
Electrical measurements, PN junction
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»
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3.9 LCR-meter

REFERLRE)CLF) R > 2 it nE
Bl FE B ThEEFR~2DIDE- B4 TEERs)ME
B N (AT HTMge) - B R Rl LA 4 (D/A
converter)4c ¥ F it B BT B A B BT BEaRL p g E

PFRIFEAp =L BT R o - Rt iz dg i B (A/D converter)i
o BaEe BB (analog switch) 4~ PPkt - & 2L3 B > £ >

THAIL (DSP) = 34447 » B - R T RER v 254 (RigE
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3227 BeagdicFlc(Dissipation factor)# & B By F Flikc

(Quality factor)s # 14 5 ;N F@& o

Bl 3- 16 LCR-meter

28



Yri RE%RBFEHEG
4.1 Van der Pauw £ & Rl
4.1.1 EfF ERI KL
i REL RN P RS o LK ok R P-type &
N-type (TH 2 & o FE ™ * v BLE B 4 LB PEE D chT ek » 1
fl* %= %42 7 Van der pauw BRI EFE TR F 3RS EBE S

Bhard 4-1 o FE P ERABH F

'ﬂ)‘:

&_ %kﬁim y F L:tl}g

FHRZER PR REAT Feho
# 5 Ry 5 kR (Cen”) Mobility
(cm'/e) (cm’/vs)
P-type wafer 9.34 3.29 x 101° 510
N-type wafer -5.9 1.06 x 101 364
2 4- 1 Rdsted Bdy
Ri 3R | Mobility
Sample Res(ohm-cm)
(cm’/c) (cm™) (cm’/vs)
P-type
2.959 0.5 4.38 X 10" h32
wafer
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N-type wafer| -1.66 0.5 280

F4- 2 FEERIRHE

4.1.2 3VERHRELT L
i oA E AE YR 2 el (5. 0x10 Torr) N »3% 3+ 400~600
800C = AR AR » RiseFEI V20,8 EF7EEER - H

P2 % 4cm 4-1

Resistivity(Q-cm)
12
10
8
E
Q
o] 6
9
x
<
4
2
0
RBP annealing | annealing | annealing
RBP 400 RBP 600 RBP 800
|lp(Q—cm) 6.11 10.4 9.83 10.9
Ma- 1 ZB%ET2 T
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Bl4-17 =3¢ 3 Pei P-type> £ &3z Nei N-type- ¢

Blv 400 22 600 R F PRz A E®Ea NI A NG

‘g;
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[E:

R

A PAPRIES » FlE R F BB F AN R ES T 0 FIM A
600 ApFdredng 2 T o 2 AMFIVALFIRARZ T BB 5
Gt ke 4-2 0 d BT Aed of B & 600°C T L pE S Bk Tk
ER X T.49x10%/cm’ 0 5 B 4-3 A EBB IR BFE TR
BT T o B00°CAAN A KA TR A TERE  RAT A KA 2
B chf R s o TR o 3 B A 2 b 800 & P A

F o

Concentration(1/cm3)
8.00E+23

7.00E+23

6.00E+23

5.00E+23

m3)

&.00E+23

.00E+23

ntb(lozz

2.00E+23

1.00E+23 :. —
0.00E+00
annealin | annealin | annealin

RBP g RBP g RBP g RBP
400 600 800

| n(1/cm3)| 1.44E+23 | 5.83E+23 | 7.49E+23 | 1.93E+23

Fd- 2 = fB%ET2#5kR
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Mobility(cm?2/Vs)
8E-10
7E-10
6E-10
e sE10
~
qﬁg 4E-10
(=]
=
= 3E-10
2E-10
1E-10 .
: =
RBP annealing annealing annealing
RBP 400 RBP 600 RBP 800
|I p(cm2/Vs) 7.11E-10 1.03E-10 7.41E-11 3.09E-10

Bd-3 =E¥ETLF BB F
4.1.3 #8832 B4R WL THE R

TR e TR R R R AR § R

WA

N

o RN RIREFE B § AR EHASRT § AR B

i esk 8 N-type » Bt A PRpe B 5 2 bR R M H e 4R
AU AR T EPE A B3 e > 4 %]k 1ppm ~ 5ppm ~ 10ppm £

ﬁ?'frf& 2 fE e VARG RE D BTV E R o A

%3¢ 1~ 5~ 10ppm 9w *iEpH 3 ik w0t 0 Ao Bl 44
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(a)

(b)

Resistivity(Q-cm)

12

10

p(x102Q-cm)

1ppm

RBP 800c

Sppm 10ppm

800c

800c

| H p(Q-cm)

6.11 10.5

9.69

10.8

1.6%'

1.40E+24

1.20E+24

1.00E+24

36.00E+23
4.00E423
2.00E+23
0.00E+00 J "
Rp | LPPM | Sppm mpp
800c | 800c | b
| =1 (1/cm3) [1.44E+234.74E+231.34E+242.39E+23
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Mobility(cm?2/Vs)

8E-10

7E-10

6E-10

5E-10

4E-10

3E-10

K(x10°cm?/Vs)

2E-10

1E-10 I
0 ]

RBP 1ppm S5ppm | 10ppm
800c 800c 800c

|lp.(cm2/Vs) 7.11E-10|1.26E-10|4.82E-11|2.51E-10

(c)

Bl 4- 4 #3215 10ppm 2 B3 2 F £ R

(El) éﬁ Fﬁliﬁ‘ (t))‘?& —+ igé B ((:)4#& F if%‘%% iﬁ:
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Transmittance

Transmittance
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[———— V
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3000 2500 2000 1500 1000 500
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{ O-H
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o4+——¥¥+—¥7+——71—+
4000 3500 3000 2500 2000 1500 1000 500
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dRAS T g ZEER Y S AR LR 0 T TS

R AT BT o B 4-6 3 10ppm %A A 47 0 F 01 B POS i

B 4-T £ 40~ B33 50 PR G fepk B ot 0 d R R S 0

BRSBTSV SRR P HRE 0

-
44
(g
X

FT R AT GO BRATEN FAME A FILBE

it B LT F DR B E R PR IR e RE D X
FRBHFTR
Resistivity(Q-cm)
1.40E-01
1.20E-01 -
1.00E-01 L
£8.00E-02 |
G
(&
¥ 6.00E-02 |
-l
x
Q
4.00E-02 -
2.00E-02 -
0.00E+00
rgp | 1PPM | Sppm | 10ppm R ok e
800c | 800c | 800c | 800c | 600c
800c
(a) | mp(Q-cm) | 6.11E-0 | 1.04E-0 | 9.69E-0 | 6.74E-0| 1.O4E-0 | 1.05E-0 | 1.33E-0
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Concentration(1/cm3)

2.50E+24
2.00E+24
% 1.50E+24
O
=
S
-
X
= 1.00E+24
5.00E+23
0.00E+00 I . o T o
rgp | LPPM | Sppm | 10ppm W | BAORE | BREE
800c | 800c | 800c | 800c | 800c | 600c
(b) |ln (1/cm3) | 1.44E+2|4.74E+2 | 1.34E+2|2.39E+2 | 2.20E+2 | 1.87E+2| 1.23E+2

Mobility(cm?/Vs)
8E-10
7E-10
6E-10
)
2 5E10
E
O 4E-10
o
i
X 3E-10
=
2E-10
1E-10 I
0 1 mm B
rgp | LPPM | 5ppm | 10ppm W | a0 | EEEE
800c | 800c | 800c | 800c | 800c | 600c
( C) | ® p(cm2/Vs) [7.11E-10(1.26E-1014.82E-11[2.51E-10/2.72E-11/3.20E-11/3.83E-11
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Bl d- TH¥eH b BERGEFIVZE
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Pae T, 3R A > 2 600°C>800C 0 F15 d 4.1.2
v 2R 4 400008 600°C2 [ » HiE & © ALiBiEsedr e B o 7]
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Resistivity(Q-cm)

16

14

12

10

p(x102Q-cm)
[e)]

HEOK B | ZROK B | 2R OK B | 2ROK B | 2R OK B | 2R K B
FOBE | FORE | ROWE | ROk | AOmE | FOBE
20min | 60min [100min| 20min | 60min [100min
800c | 800c | 800c | 600c | 600c | 600c

(El) | mp(Q-cm)| 6.11 10.5 10 8.3 14.8 | 145 10.4

RBP
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Concentration(1/cm3)
1.20E+25

1.00E+25

8.00E+24

6.00E+24

4.00E+24

n (x1022/cm3)

2.00E+24

0.00E+00 — . .

R . 59 . R 59
B | Bk ﬁ%ﬁ B | K ,E%gg
a1 | BEAD i BRFD | BEFD -
RBP | &% | 6% 1oo¢' BB oomi
20min | 60min nm' 20min | 60min nm'
800c | 8ooc | M | 600c | 600c | T
(b) [0 (1/cm3) [1.44E+21.15E+20.00E+09.18E+23.14E+24.37E+21.11E+2

Mobility(cm?/Vs)
8E-10
7E-10
6E-10
w
2 5E-10
E
S 4810
o
g 3E-10
=
2E-10
1E-10
° . g< o Lo | X
EX | B %w EK | Bk %ﬂ
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RBP | B | B 100*. I P
20min | 60min nm' 20min | 60min nm'
800c | 800c | o | 600c | 600c |
(¢) | ® (cm2/Vs) [7.1E-105.20E-10.00E +08.20E-1{1.35E-19.88E-1/5.40E-1

Bl4- 8 IV B 2F ER
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1N4001
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gAYV, T OEARFAF ICEVr T 2.0mV- R &> T 1C >
V= % 2.5mVo % et L BREER PTG e T IR,
BREBFIH 4 BREAZ0C L, c8OHERR2B > FRFT
% 10°C 0 Rin KR 5 R x%, :
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SEl  10kV WD15mm; SS30 x10,000  1um
THU-EE nano ‘ 17 Apr 2015

Bl 4- 18 e :2 % 100 ~ 4510000 & SEM H

Elem... Weight% Atomic%

CK 73.63 80.63
OK 20.56 16.90
PK 5.81 2.47

Totals 100.00

0
Full Scale 1119 cts Cursor: 0.000 keV

B 4- 19 2385932 % 100 A 45 EDS B
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Elem... Weight% Atomic%

CK 83.82 838.89
OK 11.56 9.20
PK 462 1.90

Totals 100.00

0
Full Scale 1119 cts Cursor: 0.000 keV

Bl 4- 22 A * 5 EDS @
£ r4Mapping= it ® éline scan# ic > ik &Fd £ o PP IR
Fho o B kAL oot A? B omi s £ 50 @ sR| A
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