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1 Ú ó

éu8¤Ý¤�O\�y�8¤>´9�.
Daì�
ó, ì�SÜ�Ñ95UFÃ¤��
�>´9ì�5U�Ì�Ï���, Ñ9Øû

Úå�9þ\È�ª  ��ì����. Ïd,

¼�ì�(�ü�±9�¤(�ü���õU�
��9Æ5Uëê, AO´9�ëê�©7�, ù
�U��Z�ì�(��OÚÙÛJø�â. é
u�9Æ�'��>fÅ�XÚ (microelectronic

mechanical system, MEMS) ì�, ��;.�X�
�eù	�²¡
�&ÿì, | (��9���
û½Xì��¤}, 9�L�ò��§,&ÒL�

ü$ì�&D', 9�L�q�Uü$ì���
AªÇ [1]. Ïd7Lé�õU���9�Ç κ ?1
°(�ÿþ, l
�| (��OÚì�5Uýÿ
Jøë�.

�°(ÿþ���9�Çëê κ, I��O
¿��·���Å�(�, Ï�ÿÁ(���K
���ªÿÁ(J�O(5. ®²kéõ'u

��9�ÿÁ��� [2−20], Ù¥ 3 �ªÇ (3ω)

�6{ [8,12,14,17] ��õêïÄö�@�Úæ^.

X Cahill[14] æ^ 3ω {ÿÁ
þÝ�� 100 µm þ
?����¬��z7��±9Ù¦®I½9
�Ç�IO�� (�9�dÀæ 7740 (Pyrex 7740)

ÚF9p§Àæ 9606 (Pyroceram 9606)) �9�Ç,

ÙÿÁ(J�IO�¬êâÎÜ�éÐ. Yamane

� [17] æ^ 3ω {ÿþ
ØÓþÝ9ØÓó²¤�
���z7���9�Ç, ÿÁ(JL², ��9
�Ç�ó²Ú��þÝþk'X. þÝ��, ��
9�Ç��, ���þÝ�� 1000 nm �, 9�Ç
Ä�Ø2�þÝCz; ó²�¡, �kæ^9�z
)���z7����z7ÀæNá9�Ç��,


Ù¦ó², XzÆí��È CVD {!í�{±
9�u{¤����9�Çþ²w�$.

3�)±þÿÁ�{3S��õê��9�
ÿÁ¥, þæ^��$�n�9D�ÿÁ(�, ù
��¡¦�ÿÁ(�§,L�ª��E,, Ø|u
J��ÿëê, ,��¡¦(�\óC�(J. d
	, =k4�êïÄöéÿÁ(�?19Æ�ý±
�yÙnØ�.9í���(5, ¦ÙÿÁ(J"

* I[g,�ÆÄ7 (1OÒ: 60736005, 61006036) ]Ï��K.

† E-mail: lwz393@hotmail.com

c© 2012 ¥¥¥IIIÔÔÔnnnÆÆÆ¬¬¬ Chinese Physical Society http://wulixb.iphy.ac.cn

114401-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 11 (2012) 114401

ynØ�â.

�éþã¯K, �©JÑ
�«{ü�^u�
�9�ÇÿÁ���9D�(�9nØ�., ¿æ
^ ANSYS k��óäéÿÁ(��9Æ5U?1

�[��ý©Û. �ý(Jy²
nØ�.��
(5, ¿�L²|^��9D�(��Iæ^{ü
��6ÿÁ�{=�¼����9�Çëê.

2 nØ©Û

2.1 ]]]:::ùùù§§§,,,LLL���ªªª

Xã 1 ¤«, 9�ÇÿÁ(��Và| ]:
ù, ]:ùdþ��Ä
��7á>{^ (o�\
9>{9ÿ§>{) Úe���ÿ���¤. �]
:ù�Ý� l, �ÿ��97á^�î�¡È©O
� S1 = w1 × d1 ±9 S2 = w2 × d2, Ù¥ w1(w2)

Ú d1(d2) ©O��ÿ�� (7á>{^) �°ÝÚ
þÝ. � x ¶÷ l ��, 37á>{��ÿ���
m±9ü| à? (x = 0 Ú x = l) ]:ù��.
�mkûÐ�9�>. du�.NÈ��u]:ù,

Ïdéu]:ù
ó�.�±w�n��9�. �
\9>{¥Ï�6>6 I , \9>{¥ò�)��
9. é²w, �� l À w1 w2 Ú d1(d2), ]:ù�9
D�¯K�±w���9D�.

ã 1 ^u9�ÇÿÁ�Và| ]:ù(�

�â9²ï�§���§, ∆T (x, t) ��©
�§�

(c1ρ1S1 + c2ρ2S2)∆Tt(x, t)

=(k1S1 + k2S2)∆Txx(x, t) + I2 · ρΩ/S2, (1)

Ù¥, c1(c2), ρ1(ρ2) ©O´�ÿ�� (\9^) �9
NÇÚ�Ý, ∆Tt(x, t) L« ∆T (x, t) é�m t � 
�©. κ1 Ú κ2 ©O��ÿ��Ú\9^�9�Ç,

∆Txx(x, t) L« ∆T (x, t) é x ��� �, ρΩ�\

9^>{Ç. �]:ù��9²ï�, ]:ù§,
òØ2��mCz, = ∆Tt(x, t) = 0. �â (1) ªk

∆Txx(x, t) =
d2∆T

dx2
= − I2 · ρΩ/S2

k1S1 + k2S2
. (2)

(2) ªmà� xÃ', -Ù�u 2C2, =

C2 = − I2 · ρΩ/S2

2(κ1S1 + κ2S2)
. (3)

é (2) ªügÈ©¿�Ä�>.^� ∆T (0) =

∆T (l) = 0, ��

∆T (x) = C2(x2 − lx). (4)

d (4) ªN´�Ñ]:ù�p§,? u¥: 
�, =

∆Tmax =∆T (l/2) = − l2

4
C2

=
l2 × I2 × ρΩ/S2

8(k1S1 + k2S2)

=
l2 × I2 × ρΩ

8k2w2d2(κ1w1d1 + k2w2d2)
. (5)

l (5) ª�±wÑ, ����Ù¦ëê, ÏLUC d1

½ d2 (3ÿÁ(�(½�, éN´ÏL���È�
m5UC��þÝ) ÿ�ü�ØÓ� ∆Tmax, B�
±¼� k1 (k2).

XJ]:ùþ2O\���ÿ��, K (3) ª
AU��

C2 = − I2 · ρΩ/S2

2(κ3S3 + κ1S1 + κ2S2)
, (6)

Ù¥ κ3 Ú S3 ©O�¤O\��ÿ���9�Ç
Úî�¡È. Ï� κ1 Ú κ2 ®²¼�, ÏL­#ÿ
�� ∆Tmax =�¼� κ3.

3±þí�¥·�@� ρΩ Ø�§ÝCz. �
¯¢þ, ¤k7áá�Ñäk>{§ÝXê (tem-

perature coefficient of resistance, TCR), = ρΩ �§Ý
Cz. �ùp�\9>{� TCR� α, (2) ªAU�
�

d2∆T

dx2
= −I2 · ρΩ(1 + α∆T )/S2

k1S1 + k2S2
. (7)

(Ü>.^� ∆T (0) = ∆T (l) = 0 ØJ¦)±þ
���àg�©�§, Ù)�

∆TTCR(x) =
1
α

(
cos Cx + tan

Cl

2
· sinCx − 1

)
,

(4′)

ª¥

C =
(

I2 · ρΩ · α
S2(k1S1 + k2S2)

)1/2

, (8)
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eI TCR L«í� ∆T (x) ��Ä
\9^�>
{�§Ý�Cz±«Ou (4) ª.

2.2 ÿÿÿÁÁÁ���{{{

l (5) ªw�, ÏLÿÁ]:ù¥:?�§,
�±¼�9�Çëê. �´3¢SÿÁ¥ù��
òO\(��E,5Ú\óJÝ, Ï�7L3]:
ù¥:?\ó,	�ÿ§>{, 
Tÿ§>{��
�\9^ý�, ��kÚ�ÚÑ. �{ü��{´
|^\9^���>{§Ý�AòÙ��ÿ§>
{, ±;�O\ÿÁ(��E,5, ù�´õê©
zæ^��{. e¡í�Ï§, ∆T (x) Úå�\
9^>{Cz ∆R. dã 1 ��, 3 x—x + dx ã
Ï ∆T (x) Úå�>{Cz d∆R(x)�

d∆R(x) = ρΩ
dx

S2
· α · ∆T (x), (9)

Ïd��\9^>{CzA�u d∆R(x) l 0 � l

�È©, =

∆R =
∫ l

0

d∆R(x)

=
ρΩ · α

S2

∫ l

0

∆T (x)dx (10)

½

∆RTCR =
ρΩ · α

S2

∫ l

0

∆TTCR(x)dx. (10′)

©Oò (4) Ú (4′) ª�\ (10) Ú (10′) ª¿z{�
�

∆R = − C2 · α · ρΩ · l3

6S2

=
I2 · α · ρ2

Ω · l3

12S2
2(κ1S1 + κ2S2)

(11)

½

∆RTCR =
ρΩ

S2

(
2
C

· tan
Cl

2
− l

)
. (11′)

é²w, ∆R(∆RTCR) �±^~^�o:{Ï
Lÿþ\9>63\9^üà�)�>ØüCz
?1°(ÿþ (Xã 1 ¤«), =

∆U =∆R · I

=
I3 · α · ρ2

Ω · l3

12S2
2(κ1S1 + κ2S2)

(12)

9

∆UTCR =∆RTCR · I

=
I · ρΩ

S2

(
2
C

tan
Cl

2
− l

)
. (12′)

l (12) Ú (12′) ª��, ����\9^üà�
>ØüCzþ ∆U(∆UTCR) B�¼�9�Ç κ1

Ú κ2.

3 � ý

±þ·�í�
�ÿ��9�Ç�ÿÁþ ∆T

(∆TTCR) ±9 ∆U (∆UTCR) �'Xª. ��y±
þ'X��(5,·�ÀJ ANSYS k��^�é
ã 1 ¤«]:ù(��§,9>ØüCz�¹?
1
�ý.

3.1 üüü���ÀÀÀJJJ

ANSYS ^�¥, ?1�ý©Û�1�Ú´À
Jï�^��ü�a.. �Ä�\9>{^��Ý
��uÙþÝÚ°Ý,·�À^ LINK68 ü���
7á>{^�ï�ü�. éu�ÿ��, Ï�Ù°
Ý��Ý3Ó�êþ?þ, ·�À^ PLANE55 �
�ï�ü�.

3.2 ëëëêêêÀÀÀJJJ

�âë�©z [2—18] ¿�Ä�]:ù�Å�
5U, ÀJ]:ù�Ý l 6 200 µm. �ÿ��þÝ
9°Ý�;�©O� 500 nm Ú 20 µm, 7á>{
^�î�¡È;.�� 5 × 10−14 m2, éAuþÝ
� 50 nm Ú°Ý� 1 µm.

d u q � Ü 7 (NiCr) Ú � z 7 0 � �
� (SiNx) 3 MEMS ì�¥, cÙ´��eù	
&ÿì+� [1,2] ��
2�A^,·�©OòÙ�
�7á\9^Ú�ÿ��. L 1 ÚL 2 �Ñ
�ý
^��ëê, ïÐ��ý�.Xã 2 ¤«.

ã 2 ^u��Và| :ù(���ý�.
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L 1 �ÿ����ýëê [8,11,13,15,20,21]

ï� ¡È��z >.^� (üà)

ëê l/10−6 d1/10−6 m w1/10−6 m κ1/W·mK−1 ü�º�/m §Ý/K

Cz�� 20— 180 0.05—0.5 2—20 1—10 — —

;.� 180 0.5 20 1 10−6 300

L 2 \9>{��ýëê [2,11,20,21]

ï� ¡È��z >.^� (üà)

ëê l/10−6 m S2/10−14 m2 κ2/W·mK−1 ρΩ/10−8 Ωm ü�º�/m §Ý/K I/mA

Cz�� 20—180 0.5—5 10—100 1—10 — — (0.1—1)

;.� 180 5 100 6.8 10−6 300 0.1

�ý�UC,��ýëê (AÛº�!Ônë
ê½>6 I), �±Ù¦ëê�ÙéA;.�, l

¼�ØÓ�ý(J. 2ò�ý(J� (4) Ú (4′) ±
9 (12) Ú (12′) ª�O�(J�'�l
�	Ù�
(5.

4 (J�?Ø

4.1 §§§,,,(((JJJ

4.1.1 Ø�Ä7á>{^>{�§Ý�Cz
ã 3 �Ñ
ØÓ]:ù�Ý��§,�ý(

J. lã 3 �±wÑ, �X]:ù�Ý�~�, ]:
ùî�¡Åì l�§¡. ù´du�X]:ù�

°'~�, 9D�Åìl��D�LÞ���9D
�¯K, d� (3) ªØ2¤á. Ïd, �âØÓ]:
ù�Ý�ý(J, ¢SÿÁ(�¥]:ù��°'
AØ�u 9.

�âã 3(a) ��ý(Jêâ, �±�ÑØÓ]
:ù �?�§,, = ∆T (x)-x 'X), Xã 4 ¤«.

Ó�, ã 4 ��Ñ
ÏL (4) ª��� ∆T (x)-x '
X. lã 4 ¥�±w�, (4) ª�(J��ý(JÎ
Ü��~Ð. e½Â�ý(J�O�(J�m��
Oþ�

ε =
∣∣∣∣∆TO� − ∆T�ý

∆TO�

∣∣∣∣ × 100%, (13)

Kã 4 ¥� εmax < 1%.

ã 3 ØÓ]:ù�Ý�§,�ý(J (a) l = 180 µm; (b) l = 160 µm; (c) l = 120 µm; (d) l = 80 µm; (e) l = 40 µm
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UCÙ¦ëê, X��þÝ!°Ý!7á^
î�¡È!á�ëê!\9>6�, ?1�ý, ¿
� (4) ª�O�(J?1'�, Ü©(JXL 3 ¤
«. dL 3 �±wÑ, ¤k�ý(Jþ� (4) ªO�
(J�ÎÜ. Ïd, �Ø�Ä7á>{^>{�§
Ý�Cz�, (4) ª�(L�
]:ù�§,©Ù.

ã 4 �âã 3(a) Ú (4) ª��� ∆T (x)-x 'X

ã 5 α = 0.5% ���ý(J

4.1.2 �Ä7á>{^>{�§Ý�Cz

©O�7á>{^� α = 0.5%, 1%, 2% ?1

�ý. ã 5 � α = 0.5% ���ý(J. lã 5 �
±w�, ]:ù�p§,lã 3(a) �� 3.692 K C
� 3.75 K, O\
� 2%. �âØÓ TCR ���ý
(J�Ñ ∆T (x)-x 'X, Xã 6 ¤«. �±wÑ, �
X TCR O�, �ý(J� (4) ªO�(J«OO�,

� α = 2% �, εmax > 6%.

ã 6 ØÓ TCR �� ∆T (x)-x 'X

�â (4′) ª�Ñ� ∆T (x)-x 'XXã 7 ¤«,

¿� α = 2% ���ý(J�'�, �±w�, �ý
(J� (4′) ªO�(JÎÜ�éÐ.

ã 7 (4′) ª��� ∆TTCR(x)-x 'X� α = 2% ��
�ý(J'�

L 3 �â (4) ªO�� ∆Tmax 9 C2 �Ü©(J��ý(J'�

ëê
κ1/W·m·K−1 I/mA S2/10−14 m2 d1/10−6 m W1/10−6 m ρΩ/10−8 Ωm

2 5 0.2 0.3 0.5 2 0.05 0.2 2 10 1 10

∆Tmax/K
O� 2.20 1.00 14.77 33.23 52.80 11.48 9.18 6.12 9.18 5.51 0.54 5.40

�ý 2.22 1.01 14.77 33.23 52.87 11.55 9.19 6.14 9.18 5.51 0.54 5.43

C2/10−8 O� −2.72 −1.24 −18.13 −40.80 −6.48 −14.17 −11.33 −7.56 −11.33 −6.80 −6.67 −6.66

�ý −2.73 −1.24 −18.20 −40.90 −6.49 −14.20 −11.31 −7.57 −11.31 −6.80 −6.67 −6.68
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4.2 >>>ØØØüüü(((JJJ

ã 8 �Ñ
 α = 0, 0.5%�7á>{^�>Ø
ü�ý(J. �â�ý(JN´�� α = 0.5% �
>ØüCz� ∆UTCR = 0.024778 − 0.024480 =

0.000298 V. ,��¡, ÏL (12) Ú (12′) ª��
O� ∆U 9 ∆UTCR. L 4 o(
ØÓ α ��O
�9�ý(J. lL 4 N´wÑ, α ��, (13) ª
O�(J��ý(J����. X α = 2% �,

ε > 6%, 
 (13′) ª��ý(J�m��Oþ©ª
� ε < 2%.

ã 8 Ø Ó α � \ 9 ^ > Ø ü � ý ( J (a) α = 0; (b)

α = 0.5%

�â±þ?Ø��, �ý(Jy¢
nØí�
��(5. Ù¥, du (12′) ª�Ä
7á>{^�
>{§ÝXê, Ïd�UO(/L�ÿÁþ��ÿ
9�Ç�'X. ØLduA�¤k7áá�� α Ñ
�u 1%, ¢Sÿþ¥ÏL (12) ªO�9�Ç(J
��1.

�éu~^� 3ω �69�ÇÿÁ�{, �6
{�ÿÁ²��N´�ï, �Ð/üØ
ÏÿÁ>
´�5�D(&Ò�K�. Ïd, �©¤æ^��
6ÿÁ{�±¼���°(�(J.·��3�O
9�ÿÁ(�\ó¥¤I�ù�ã/, ¢S9�Ç
ÿÁó�ò3ØÈ�mÐ.

L 4 ØÓ α ��O�Ú�ý��� ∆U Ú ∆UTCR (J

�ý��� (12) ªO���� (12′) ªO����

α/% ∆U/V ∆U/V ∆UTCR/V

0.5 0.000298 0.000300 0.000304

1 0.000622 0.000599 0.000617

2 0.001280 0.001200 0.001270

5 ( Ø

|^��9D��§í�¿¼�
3�6\
9>6^�e��Và| ]:ù�§,©Ù, ±
9\9>{üà>ØüCz���9�Ç�m�
'X. ^ ANSYS k��^���ý(Jy¢
n
Øí���(5, L²��Và| ]:ù�(
�^u��9�ÇÿÁ. Ó�, �ý(JL², �Ä

\9>{�>{§Ý�A����§,9>Ø
üOþL�ª��ý(J�Ø��u 2%. �Ï~
� 3ω �6{ÿÁ��9�Ç�', �6ÿÁ{�
�{ü�N´¼���°(�(J.
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Numerical simulation of direct current method of
measuring thermal conductivities of thin films∗
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Abstract

Thermal conductivity is one of the most important physical properties of thin films. Different from two- or three-dimensional

measurement structures in most reports, in this work, one-dimensional (1D) two-end supported cantilever beam is provided. The

structure of cantilever includes a metal heater (which also serves as a thermometer) and thin film(s) underneath for measurement.

1D heat flow equation is employed to obtain the expression of temperature rise distribution (∆T (x)) along the cantilever beam and

voltage drop changes along the heater (∆U ) when a direct current (DC) follows in the heater. To confirm the correctness of theoretical

deduction, ANSYS finite element software is employed to simulate ∆T (x) and ∆U . Results demonstrate that the simulations are in

good agreement with the theoretic calculations obtained from expressions of ∆T (x) and ∆U . Compared with conventional 3-times

frequency (3ω) method, the DC method with 1D cantilever beam is relatively simple and accurate.
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