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ABSTRACT Great attention has been given to diamond–like carbon (DLC) or tetrahedral amor-
phous carbon (ta–C) films due to their potential applications in electronic devices as semiconductor
materials. The controlled variation of electrical conductivity through doping is of primary importance.
Active phosphorus element could be introduced into ta–C films to achieve n–type doping and the
resulted films show potential applications as photovoltaic solar cells, semiconductor field emitters or
biomedical coatings. However, an inconsistency of doping effect and graphitization of the bonding still
exists in the role of phosphorus atoms in carbon films. A detailed study on the conduction mech-
anism related to the structural changes should be attempted to further understand the conductive
behavior of the films. Based on this purpose, phosphorus incorporated tetrahedral amorphous carbon
(ta–C�P) films were deposited using filtered cathodic vacuum arc technology with PH3 as a dopant

source under negative substrate biases of 0—200 V. The structural characteristics of ta–C�P films were
investigated by X–ray photoelectron spectroscopy (XPS) and Raman spectroscopy, and the electrical
behaviors of the films were examined by measuring electrical conductivity at the temperature range of
293—573 K and current–voltage curves. Results indicate that phosphorus implantation enhances the
contents of sp2 sites in ta–C films and the numbers of localized electronic π and π∗ states as hopping
sites, and improves the conductive ability of the films. ta–C�P film obtained at −80 V shows the
best conductive property. The carriers of ta–C�P films represent the hopping conduction in localized
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band tail states and the thermally activated conduction in extended states in the temperament range of
293—573 K. The results of current–voltage curves indicate that ta–C�P films are n–type semiconductor
materials.
KEY WORDS phosphorus incorporation, tetrahedral amorphous carbon, substrate bias,

electrical conductivity, conduction mechanismT`k��
 (tetrahedral amorphous carbon, uA ta–C) AF�>D�,�~D[,e��-F, ^e	,E)s���!^�h� sp2 E sp3 qS
g#e��>A, (r;,��b;D� '3#sAu�-	~pt� [1]. ta–C �heU|��Z sp3 >A!w, s3f)��Z sp2 >A!w. � sp3 >A (>50%) e
ta–C �[+�2U^Æ�4eX=f), �X=e93)s�m�E�7�-	��g [2−4]. Py, ta–C U�[iBh�|�g# `3Q�	,E)�(t, KhL^#o�U`b�befp, OP[4
eSW	�. ��,

ta–C es'R�, ^s)7, ��C^uj�
^k&D�eSW. x[E:qA�$ ta–C �hs3)se[�Æ�. X�x[(Kh� ta–C es^R [5], YA, ta–C`_k�yz�Pe7N��C_k-Fe/v [6]. r;u ta–C �b;D�: B, N, P E Si g�ÆKeV [7−10], u'd�T��hÆ℄)���	,E93)se_J%,([�t��he^ss9. l	�:J ta–

C(ta–C�P) �he8�f�[�, �� ta–C�P �he^sa�e
BG�Su�P�71p [11,12].��/W;TQf�+sO (FCVA) �t, K�O
PH3 �k�:qi�� ta–C�P �h. r; X '�3s#s� (XPS) E Raman 3�8�'s_k�{5Æ�� ta–C�P �he|1	,. 6W��s^REsO –s5 (I–V ) ��e4w8�'s ta–C�P �hs3)s,#de ta–C�P �he^sa�.

1 P`;9k 80 nm Ke ta–C E ta–C�P �h/W FCVA�b�t��, �O
� (O| >99.99 %) ,�
i,

PH3(O| >99.999%) ,�:qi. _k� p #^s Si| (s'R� 0.001—0.002 Ω·cm) E"j$: (s'R� 1015—1016 Ω·cm). (w�b ta–C e_kXE�{5� 80 V, �b ta–C�P �he_kXE�{5� 0,

80, 150 E 200 V(KÆ�! >� ta–C�P–0, ta–C�P–

80, ta–C�P–150E ta–C�P–200),XE}R 200 Hz, sOsO 60 A, PH3 �kOA 10 mL/min. �h�b�	, WO|� 99.999% e Ar+ � Si _k `)7 5—

12 min, KI�_k `e>S5, �Ld�
��s, ;-e
g3#kJ℄2pe PH3 �k;�s3L, F#�b`_k `./W\7 Phi ESCA 5700 # XPS 4w ta–CE ta–C�P �heB�ExH	,, d�i� Al Kα

(1486.6 eV). /g Si |_k% ta–C E ta–C�P �he
C1s C s�, #a)>� 0.125 eV. 6W Labram HR

800 #*�� Ar+ d3 (%>� 458 nm) Raman �4
Si |_k% ta–C E ta–C�P �he	,, d3I 'R� 20 mW, u 800—2000 cm−1 	~p/? 100 s. /W Keithley 2400 P%i E AI 708 P%,�I, 4E�bu"j$:% ta–C E ta–C�P �he��s'R,�|Q 293 %.` 573 K, �LVZ~
 293 K. /W
SI1260 '%�
I4wsO – s5��, �h `E Si|�`r;��zh��!�b Au E Al psf, #r; Ag �;�^�.

2 P`C�bTI
2.1 XPS ?Nv 1 "HC ta–C E ta–C�P �he C1s C �.

ta–C �he C1s C ���i^ sp2 E sp3 ?�qS
(�, ��|sA�7 0.8—1.0 eV. Z^�h `��e>XT�C ����s}eV0, OP, W 3 !�uH ta–C �he C1s C �, i (284.5±0.1) eV e
A � (C==C x), (285.5±0.1) eV e B � (C−C x)E (286.9±0.1) eV e C � (C−O x), �#/W 80%

Gaussian � +20% Lorenz �. ZJ: ta–C �hL, C1s �e��Z (285.5±0.1) eV Hx` (285.3±

0.1) eV, �e-|xq. } d
zW�xqC�ex
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Fig.1 C1s spectra of ta–C and ta–C�P films (A—D

peaks are attributed to C==C, C−C/C−P, C−O

and C==P, respectively; ta–C�P–0, ta–C�P–80, ta–

C� P–150 and ta–C�P–200 samples showing ta–

C�P films prepared at negative biases of 0, 80, 150

and 200 V, respectively)
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q1'q 203�H$=. Z^ C≡≡P xf'�w, I�L�S� C==Px, OP��, ta–C�P �h�
`Je	H$=��K
C−P E C==P ��. #� Yamamoto E Konno[13] �[aJ
SH	e8�, C−P x` C−C xe	Hs��, C==P xe	Hsk� (283.7±0.1) eV(D �). OP, ta–C�P �he C1s C �(W A(C==C), B(C−CE C−P), C(C−O) E D(C==P)4 !��&uH. uH	9�>, ta–C �h� sp2 qS
g#>Ak� 16.2%,

sp3 qS
g#>Ak� 83.8%. Je: xqC�h�
sp2 qS
g#>A (C==C E C==P x>A), v�C
sp3 qS
g#>A (C−C E C−P x>A). Z�_k{5Q 0 xq` −200 V, sp2 qS
g#>AQ 25.9%xq` 37.4%, *U
u −80 V 6b`, sp3 qS
g#>A�SlQ 74.1% v�` 62.6%.

2.2 Raman ?Nv 2 � ta–C E ta–C�P �he Raman 3�,u 900—1000 cm−1 e�� Si ���, � u (1560±

5) cm−1 e�A
F��. �^ ta–C e
F��r=(W?! Gaussian �uH, i (1370±5) cm−1 e D �E
(1560±10) cm−1 e G �. D �W �,T� sp2 
eM��x, G �W T�E/\~<� sp2 
e)[�x [14]. Z^
`J�s)e7N, J: �wR� sp2wRfSRe��. �� C==C E C==P u C pE PpA3"e, C==C E C==P e�x}R\3���, In��lÆ�?|e=. OP��, ta–C�P �he Ra-

man 3�AZ sp2 �xR�e (�. C==C E C==P),uXlW D �E G �� Raman 3��&uH [9]. 	�&, [15] e	9�>, u −80 V 6 ta–C�P–80 �h� `eJ>A*�, Qd −80 V e{5*[6^Jg#� 
zW. Raman 	9 d, J: [[R��h
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Fig.2 Raman spectra of ta–C and ta–C�P films (G peak

is attributed to the bond stretching of sp2 atoms in

rings as well as chains, while D peak is related to the

breathing modes of sp2 sites only in rings)

��	,ed��S. Z_k{5Q 0 xq` −80 V 6,Z^�h�J>Aexq, G ���v�, sp2 qSwRY�AT� sp2 qSwRxq, ID/IG 
Q (0.29±0.02)xU` (0.37±0.02). Z_k{5n-x
 −200 V 6,Z��h�J>Av�, G �%H, ID/IG 
U[~i.#� Ferrari E Robertson e8� [14] bH: G ���h ID/IG yA�S�h	,�SeOV. ta–C �h sp3>A��, ID/IG 
�. J: xqC sp2 qS
g#>AE ID/IG 
, Y�xqCT� sp2 
g#>A, ;�h[,D|h�.

2.3 /Y85H
ta–C �hs3)�AZ sp2 qS
g#>Ah sp2p%e π E π∗ x+s�(!we, (K6W Mott–CFO

(Cohen–Fritzsche–Ovshinsky)e# [16] E Mott–Davise# [17] 1 N: ��-FsV�jH`�,�<��,$Bwb`#9)H1, $BV�	,, rVE^VeV�+
(K�u; ��`
^k�, UA��(usj*L$B��wb`. Z}����..xE+�us
�=R��lYewbsV6, Fermi sj�L^}!wbsV� [16,17]. OP, ��
^kr=[ 3 �^sa� [18]: ���u/y`N^�D�	~puV�wb`N^Ei��u Fermi sj��wb`N^. ��ÆsO#A�d�`/y`e, �H Arrhenius wP [18]

σ(T ) = σ0exp(−Eact/(kT )) (1)=�, σ(T ) ���s^R, Ω−1
·cm−1; σ0 �	�PO#,

Ω−1
·cm−1; Eact �dZs, eV; k � Boltzmann =P,

J/K; T ��|, K. D�\i�ÆsO#eN^A�DomN^, �H Mott wP [19]

σ(T ) = σ00exp(−(T0/T )1/4) (2)=�, σ00 A�PO#, Ω−1
·cm−1; T

1/4
0 ��R, K1/4.	�8� [15] 	9�>, Z ta–C�P �h�eJ>Axq, ta–C�P �he E04 V
 (6W!y/(w�33|m4we�G3���%�G�P� 104 cm−1 ℄�SesA) v�, #� ta–C�P–80 �heV
*�. }(sAZ^J: xqC sp2 wR, /-CV�Æb, [~C π E π∗ `+s�3 [9]. �C�F)8� ta–C�P�h^sa�, v 3 "HC ta–C E ta–C�P �hes^RZ�|�Se��. Qv�$`, ta–C �hs^RIi, J: UUh�C�hs^R#K −80 V Æ��e

ta–C�P �h^s)*A. s^RZ�|\Pe�S'Y& Arrhenius 5P, O� σ(T ) ` 1/T e/�u�!�|	~p'A�)e, u℄8�e�|	~pS�Su?�^sa�. dZs (���R) Z�|e�SA�:C
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Fig.3 Arrhenius plots of electrical conductivity vs recipro-

cal temperature T for ta–C and ta–C�P films1 1 ta–C D ta–C�P �gdtG0O
Table 1 Fitting parameters using Arrhenius and Mott models

for ta–C and ta–C�P films

Sample σ0, Ω−1
·cm−1 σ00, 105 Ω−1

·cm−1 T
1/4

0
, K1/4

(T >463 K) (T <463 K) (T <463 K)

ta–C 2.2×104 2.4×1012 238.5

ta–C�P–0 132.4 4.1 74.2

ta–C�P–80 181.9 2.8 66.3

ta–C�P–150 168.5 3.4 68.2

ta–C�P–200 143.1 3.8 70.7

Note: σ0 is pre–exponential prefactor in Arrhenius model;

σ00 and T
1/4

0
are exponential prefactor and slope in

Mott model, respectively}Fp, u�|?; 463 K 6dZsd�xU,  d�he^sa�ZF��W`KF�. 6W Arrhenius wPmW�|�^ 463 K 6e σ0 
#G^ 1. r=��, σ0`�hN^a�[/. Z σ0 <10 Ω−1
·cm−1 6, �hsO#uwb`%omN^, �Z σ0 >100 Ω−1

·cm−1 6,�hsO#u/y`%�dZN^ [9]. Q 1 eP�(K$`, 's_k{5Æ��e ta–C E ta–C�P �h,u�|�^ 463 K 6yY& σ0 >100 Ω−1
·cm−1, OP,}��hsO#A�dZ`/y`#�&N^e. � ta–

C�P–80 �[*U σ0 
, OPu℄[e ta–C�P �h�,^A�[*AedZN^s9.�96W Arrhenius 5P��|i^ 463 K e��uH, b`e σ0 
u 0.5—5.4 Ω−1
·cm−1 �s,  d�hsO#�Hwb`eomN^. OP, W Mott )= [19]���|	~e���&uH, PuH�� �H=Ae�)/�, �v 4 ℄>, uH1PG^ 1 �. �	`℄N, wb`eomN^[?�: F�Au Fermi sj��wb`eomN^, F�AuV�wb`eomN^. �CÆ��|, z σ00 Z T

1/4
0 e�S,v, �v 5 ℄>, �
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�, i σ00 Z T
1/4
0 exq�xq,}'�H Fermi sj��wb`eomN^, �AV�`eomN^e= [20]. OPu 293—463 K e�|	~p, ta–C�P �hsO#AuV�`%�&omN^e [9]. 1P σ00 ��h`℄|e�S3�b�, Z^	,e4iSs-h(UAwbe π E π∗ `, OP, J: uh� sp2 qS
g#>Aes6, Av�Cwb
�.

π s#s$Aluomp�somN^, Q�UUh��hs^R [9]. ta–C�P–80 �he ID/IG *U, sp2 qS
g#>A*�, ^ss9�S*
.

2.4 I–V U^O\v 6 "HC Au/ta–C�P/p–Si/Al N�	,e I–

V �Of)��. u Au E ta–C�P �h�s$BC
Schottky �K, ��sOA��sOe 1—2 �. Zu
ta–C/p–Si E ta–C�P/p–Si 	,%2q�s�s56sb`f)'se!B. Z^ ta–C �hA! p #
^k [1], OP ta–C�P A n #
^k-F, i ta–C�P �h ���[UA�n #�V�`es#	,. � ta–

C�P–80 �h�:, uF!"wes5Æ��sO`��
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3 CI
(1) J: [[���he��	,, �AxqC

sp2 qS
g#>A, h(UAwbe π E π∗ `, x
C π s#eoms9, [�h�C ta–C �hs^R.

(2) u�|i^E�^ 463 K 6, n # ta–C�P 
^k�h�esO#�! ��V�`eom=N^E/y`e�dZN^. −80 V _kXE�{5Æ��e
ta–C�P �h^ss9*
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