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�X�>fì�º��~�!ó�ªÇ�Jp, 7á��¥>f�(fò?u�²ïG�, ùò���>fì
��9{O�. �O(/éù
�>fì�?19+n, >f - (fÍÜXê�ÿþC��5��. �©æ^�¦
-1Ä$ - &ÿ9��{ïÄ
ØÓþÝ�7áB�����²ïD9L§. ÏL�ÔüÚ�.é¢�êâ?1[
Ü, 3[ÜL§¥Ú\>f§Ý�(f§Ýé��ÇK��'~'X, l`z
[Ü(J. ÏLéØÓþÝ� Ni

�� Al ��>f - (fÍÜXê�ïÄ, L²7á��¥�>f - (fÍÜXê¿Ø���þÝ�UCu)Cz.

¢�(J��y
&ÿ1���ÇÓ�É�>f§ÝÚ(f§Ý�K�, ¿ÏLêâ©Ûþz
>f§ÝÚ(f
§Ýé��Ç�K�Xê.

'�c: B�7á��, >f - (fÍÜ, �¦-1, 9��

PACS: 44.10.+I, 42.87.−d

1 Ú ó

�p��Åì�, X9Ë�¤, É�(V4¬
N+, ±9É�(|�A¬N+��>fì��p
ªÇ$1�, Ù>f§Ý�(f (¬�) §Ý?u�
²ïG�, ùò��ù�ì��9{O�, ¦��
>fì��ó�§Ý,p, lîK�ì��ó
�5U [1]. Ïdk7�é>f - (fÍÜ�A?1
ïÄ, ¦�U/~�9{d	, 3�¯-1\óL
§¥, >f�(f�?u�²ïG�, Ï~æ^³
�>f - (f�ÍÜ�A5;�N\9�ú [2,3].
dd��é>f - (fÍÜÅn��\ïÄ®4�
½��4Ù'�.

Kaganov � Anisimov � [4,5] �@é�¦-1
\9���>f - (fÍÜL§?1nØïÄ, ¦
��Ñ?ur>|�^e�>f§Ý¬pÑ±�
¬�§Ý, lÑy>f�¬�§ÝØ²ïy�¿

l�*Ôn�ÝJÑ
V§Ý�., T�.¥>f
Ú(fmD9�Uåd>f - (fÍÜXêL�.
1986 c, Paddock � [6] Äg|^]�9��{é
7á���9*ÑÇ?1
ÿþ, ¦��� Ni �
9*ÑÇ� 2.1 × 10−5 m2/s. 1994 c, Qiu Ú Tien
� [7] lÀ�[ù�§Ñu, éu�áóÀ\97
á¯K, ¦�JÑ
�î���ÔüÚ�. (PTS),
^�¦-1 TTR EâïÄ
-1Uþ37Ú��
¤�õ���¥�ÈÚÑ$L§. Norris � [8,9] é
>f - (fÍÜXê���þÝÚ¬âº��'
X?1
ïÄ, ïÄL²>f - (fÍÜXê�ÿ
þ���Ä
º��AÚ¬â>.Ñ��A�n
Ø���, ��¬âº��~�O�. /���
| [10,11]!Ü,�| [12,13] ��Uïá
�¦-1
Ä$&ÿ9��XÚ, ¿é7á�S�á-1óÀ
\9e�>f�(f�²ïD9L§?1
ïÄ.

�8c��>f - (fÍÜXê´Ä�3º
Ý�A��3é���Æ [14−17]. Orlande � [15]

* I[��ÆïÄOy�8 (1OÒ: 2012CB933200) ÚI[g,�ÆÄ7 (1OÒ: 50876103) ]Ï��K.

† E-mail: zhujie@iet.cn
‡ E-mail: dwtang@mail.etp.ac.cn

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

134402-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 13 (2012) 134402

ïÄuy>f - (fÍÜXê�XþÝ�~�
O�, Hopkins � [17] JÑdu.¡�K�, >f -
(fÍÜXê¬�X7á��þÝ�~�O�,
 Hohlfeld � [16] �¢�(JL²>f - (fÍÜ
Xê¿Ø�þÝCz. �©æ^�¦-1Ä$&
ÿ9��{éØÓþÝ Ni Ú Al B����¬�
�¯�²ïD9L§?1
ïÄ, ¿3[ÜL§¥
Ú\>f§Ý�(f§Ýé��ÇK��'~'
X, �3ÏL¢��nØ�(Ü��{5ïÄ7á
��þÝé>f - (fÍÜXê�K�.

2 9D��.

óÀ-1�UþÏ~��>fáÂ, ù´óÀ
-1\9��>f¬��mÑy�²ïD9�Ì
��Ï. é��7áó, >f�¬�§Ý��9
²ï��m�� 0.1—1 ps. �-1óÀ°Ý�m�
9z�m��½ö'Ù���, �²ï9L§ (>
f§Ý 6= ¬�§Ý) �±^�ÔüÚ�.5£ãX
e [18,19]:

Ce (Te)
∂Te

∂t
=

∂

∂x

[
ke (Te, Tl)

∂Te

∂x

]
− G (Te − Tl) , (1)

Cl
∂Tl

∂t
=G (Te − Tl) , (2)

Ù¥, Te � Tl ©O�>f�¬�§Ý, Ce � Cl K
©O�>f�¬��9N, S K�-1\9¯K=
z�9�. G �>f - (fÍÜXê, L�>f�
¬�mUþD4�rÝ. du7á��¥>f��
9Xê����u¬���9Xê, ¤±9UÏL
¬�3�m�*Ñ�±�ÑØO, Ïdª (2) ¥v
kÑy*Ñ�.

Ni � Al 9*ÑÇ©O� 2.3 × 10−5 � 9.5 ×
10−5 m2/s[20], �â9*Ñålúª l =

√
αt[6], \

9 5 ps �, Ni � Al ��S9*Ñål©O� 10.7
� 21.7 nm, ��u��þÝ, Ïd3ù��m��
S�±�ÑÄ.é�K�.

ke(Te, Tl) �>f�9Xê, ��@�>f�9
Xê�>f§Ý¤�', �¬�§Ý¤�' [19]:

ke (Te, Tl) = keq (T0)
Te

Tl
, (3)

keq(T0) ´3Ð©§Ýe�>f�9Xê. d�, >
f§Ý�¬�§Ý?u²ïG�.

Ce (Te) = γTe, (4)

γ �>f9N~ê.
9�3�m�I¶þ¥pd©Ù, 3�m�

I¶þ¥�ê©Ù, Ù/ª�:

S (x, t) =0.94
1 − R

τpδ
J

× exp
[
−x

δ
− 2.77

(
t

τp

)2]
, (5)

Ù¥, R ���Ç, δ �-1�Bß�Ý, τp �-1
ó°, J �ü�óÀ�^e�¬L¡áÂ�-1U
þ.

�©|^ªÇ� 1 MHz �N�-1\9�¬,
pª±Ï-1\9�¬L§¥�9Ë���4
� [21]; ¿��\9�¬�§,�kA K, �í�
9�Ç��u7á��9�Ç, Ïd9UÏLË�
9é6��¸�Ñ��±�Ñ. 3éá��m��
S, 7á�S�9*Ñål��u���þÝ, Ï
d9UÏL�9�Ä.�'ß��±�Ñ. ý9>
.^��±¤á�§ (1) � (2) ý9>.^�äN
L«� [22]:

∂Te

∂x

∣∣∣∣
x=0

=
∂Tl

∂x

∣∣∣∣
x=0

=
∂Te

∂x

∣∣∣∣
x=L

=
∂Tl

∂x

∣∣∣∣
x=L

= 0. (6)

ò-1óÀ�¸����¬L¡���P� 0
��, KÐ©^��±Cq/Lã�:

Te|t=−3τp
= Tl|t=−3τp

= T0. (7)

3 ��Ç�§Ý'X

3�¦-1Ä$ - &ÿ9��¢�¥, �¬L
¡§Ý�Czò����Ç�Cz. 7á���
L¡��Ç�CzÓá��0>¼ê���', 0
>¼ê�L«� [23]:

∆ε (ω, ∆T ) = ∆ε1 (ω, ∆T ) + i∆ε2 (ω, ∆T ) , (8)

Ù¥, ε1 Ú ε2 ©OL«0>¼ê�¢ÜÚJÜ. 3
�¯-1óÀ�^e, 0>¼ê� ∆Te Ú ∆Tl �
3Xe'X [23]:

∆ε (ω, ∆Te,∆Tl) =∆ε1 (ω, ∆Te,∆Tl)

+ i∆ε2 (ω, ∆Te,∆Tl) . (9)

� ∆T < 100 K �, ∆ε � ∆Te Ú ∆Tl �±w
¤�5Cz'X [23], Kúª (9) �±C��:

∆ε =∆ε1 + ∆ε2
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=
(

∂ε1

∂Te
∆Te +

∂ε1

∂Tl
∆Tl

)
+ i

(
∂ε2

∂Te
∆Te +

∂ε2

∂Tl
∆Tl

)
, (10)

7á��L¡��Ç�Cz�±^0>¼ê
5L� [23]:

∆R

R
=

1
R

(
∂R

∂ε1
∆ε1 +

∂R

∂ε2
∆ε2

)
. (11)

òúª (10) �\úª (11), ²L{z, ���
��L¡9��ÇCz�>f§ÝÚ(f§ÝC
z�{ü�5'X [24]:

∆R

R
= a∆Te + b∆Tl, (12)

Ù¥ a � b ©OL«>f§ÝÚ(f§ÝCzé
��Ç�Cz�K�Uå. 3�²ïD9L§¥,
>fÏ�¦óÀ-1�\9, Ù§Ý3]m��¸
�, d�¬�§Ý�Cz�éu>f§Ý�Cz
�±�Ñ. ÏL'é¢���¸��nØO��
>f§ÝCz��¸�, �¦Ñ a.  b dnØO
��>f!(f¡E��²ï��§Ý��¢
���'�¦�. >f - (fÍÜXêd���
¦{[Ü¦�, Ù¥�ÔüÚ�.O�¥¤I7á
���Ô5ëê3L 1 ¥�Ñ.

L 1 7á���Ô5ëê [25]

Ô5ëê Ni Al

��Ç, R 0.68 0.87

'ß�Ý, δ/nm 14.7 7.5

(f9N, Cl/J·m−3·K−1 3.95 × 106 2.44 × 106

>f9NXê, γ/J·m−3·K−2 1064 137

9�Ç, kbulk/W·m−1·K−1 90.7 232

4 ¢�XÚ

4.1 ¢¢¢���XXXÚÚÚ���ïïïááá

ã 1 ��¢��XÚ�nã. ¢�æ^£
� v � � - 1 ì, ó ° � 300 fs(FWHM), ª Ç
� 80 MHz, Å�� 800 nm. óÀ-1å²d 1/2
Å¡� �©1cº��, ©¤ 2 å-1. Ù¥�
å-1��Ä$1 (20 J/m2), ^5\9�¬; ,
	�å-1K��&ÿ1, ^5&ÿ�¬L¡�
��&Ò. Ä$1åÏL(1N�ì��, �N�
¤ªÇ� 1 MHz �óÀG. &ÿ1KÏL £²
� ( £°Ý� 100 nm) 5UC1§�, l¢y&
ÿ1�éuÄ$1��mò´. Ä$1�&ÿ1Ï

L �©1����, dÔºà���¬þ. -1
å\���¬��, ÷�´�£. d¢�XÚ¥, Ï
�Ä$1�&ÿ1� ���ØÓ, ·�æ^�=
cºrÑ��Ä$1¦�U/ÈØ, �y¦�Uõ
�&ÿ1?\&ÿì, ±d5Jp&D'. £��
�ìK^5uÿ¿J��(1N�ìN�ªÇ�
Ó&Ò�Ì��� �, ��dO�Åé£���
ìæ8�&Ò?1?n, l¼��¬L¡§Ý�
�m�Cz�. T§ÝCz��±�NÑ�¬
SÜ�9L§, ÏL PTS �.é¢�êâ�[Ü,
�ª�±��¤ÿ�¬�9Ô5�.

ã 1 ¢�XÚã

4.2 ���¬¬¬������

ÿþ¥¦^� Ni �� Al �ÏL�Û�{�
È� Si Ä.þ. ¢S�7áÛ�þÝ�ýÏÛ�
þÝ�3 �, 7á���þÝéu¢���O
(�9Ô5�å�'���^, Ïd·�k7�
éz���¬�þÝ?1ÿþ. Hostetler � [26] |
^�¦-1Ä$&ÿ9��{, ÏL7á��L§
¥Ñy� “£(y�” ¢y
é7á���þÝO
(ÿþ.

ã 2 ýÛ 100 nm þÝ Ni ��9��&Ò
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ã 2 �æ^�¦-1Ä$ - &ÿ9��{éý
Û�þ� 100 nm � Ni/Si �¬�ÿþ(J. lã 2
�±w�3 120 ps Su)
ng�Ä, =£(.Ni
��(�� 4970 m/s[27], 9��&Ò¥ 2 g£(�
�mm���� 38 ps, �±í�Ñ�gÿþ��
¬þÝ� 94 nm, �ýÏ(J�ÎÜ. L 2 �Ñ
d
9��{ÿ����¬�þÝ.

L 2 9��{ÿ���¬þÝ

7á ÿþþÝ/nm

Ni �¬ 1 46

Ni �¬ 2 94

Al �¬ 1 52

Al �¬ 2 103

5 ¢�(J�©Û

�¢�3¿§e, �±Ä$1rÝ (∼20 J/m2)
ØC�^�e, |^Ä$&ÿ9��{é��¬?
1
ÿþ. ¢�¥, éz��¬�ÿþ(J�ng
ÿþ�¤��²þ�. �©�ó��3ïÄ7á�
�3�á-1óÀ\9e�>f - (fÍÜy�,
Ïd�é 5ps S��¬L¡�9��&Ò?1ï
Ä.

ã 3 46 nm � Ni �9��&Ò

ã 3 �ã 4 ©O� 46 nm � 94 nm ü«þÝ
� Ni ��óÀ-1\9��²ïL§¢��9Ï
L�ÔüÚ�.�[Ü�. �Ä$1�&ÿ1Ó
����¬�, Ùò´�m�". lã 3 �ã 4 �
±é�*�w��¢�3": �?��Ç�C
z�����. >f - (fÍÜXêL��´p§
>fÏL-EòUþD�(f�9µþ�Ç, G �
���ûuk¸� 1 ps S�� PTS �.´Äé

Ð�Ü. Ïd3 2ps ��nØ��¢��´
ÄéÐ�Ü, ¿ØK�é G ��[Ü [9]. lã 3
�ã 4 ¥, �±é�*�w�&Ò�k¸ u�$
?, ù´Ï� 46 nm � 94 nm þÝ� Ni �� a/b

�'��K�, ©O� ∼ −0.19 � −0.11, �>f
§Ý������ÿ, 4p�>f§Ýé¢S9�
���/¤åKK�, d��(f§,é�,
Ïd3>f§Ý�(f§ÝÍÜ�^e, k¸KÑ
y3�$?. lã¥�±w� 46 nm � 94 nm þ
Ý�ü|�/G9Ù�q, m��`²þÝØ
Ó� Ni �3�²ïD9L§¥, >f�(f�m
�9µþ�Ç´���. ��, ·�[Ü�� G �
� ∼ 50 × 1016 W/(m3·K), ¿vkuy G ��þÝ
Cz, ù� Hopkins � [9] é 30, 40, 50 nm þÝ Ni
�ïÄ��� G � 37× 1016 W/(m3·K) �C. d	,
¢�(J�L², �^Uþ� 1.55 eV &ÿ1\�
�¬�, Ï Ni �¤�U?� 1.3 eV[28], ò�� Ni
�¥Ü©gd>fu)U?�[, d�>f§Ýé
��Ç�CzåÌ��K�. ã 5 �Ñ
��¬>
f - (fÍÜXê��¢�ÿþ��©z�. �¢
���� G �� Hopkins ¤ÿk¤�O, �U´ Ni
�)¤�ó²ØÓE¤�.

ã 4 94 nm � Ni �9��&Ò

ã 5 ��¬�>f - (fÍÜXê��¢���©z�
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ã 6 52 nm � Al �9��&Ò

ã 7 103 nm � Al �9��&Ò

ã 6 �ã 7 ©O� 52 nm � 103 nm ü«þÝ
� Al ��óÀ-1\9��²ïD9L§¢�¤
��9��&Ò��. lã¥�±w�T|�
vké²w/ÑyX Ni ��>f§ÝÏóÀ-1
\93]mÑy�k¸, Ï� Al �L¡>f§Ý
é�¬L¡��ÇK���u(f§Ý�K�. &
ÿ1�Uþ� 1.55 eV �$u Al �¤�U? (11.7
eV)[8], Ïd&ÿ1\� Al �L¡=��é�Ü©
gd>fu)¤�Ð°, ù¿�X��ÇA�ØÉ
>f§Ý�K�; l>f§ÝÚ(f§ÝCzé�
�ÇCzK��rf (a/b �'�) 5w, ÏL[Ü
��ØÓþÝ Al �� a/b �Ñ� ∼ 0.002, Ó�`
²3 Al ��²ïD9L§¥>f§Ýéu9��
&Ò�K�é�. éu Ni, Au � [16] 7á�²ï

D9L§, G ��^5ïþ>f�(fXÚ�Uþ
D4rÝ; éu Al ��²ïD9L§, G �K�
±n)�(f¼�Uþ�OÃÝ. �ª, ·�[Ü
�� G �� ∼ 10 × 1016 W/(m3·K), ù� Hostetler
� [8] ÿ�� 20.1 × 1016 W/(m3·K) �C. d	, Al
��¢�(JL², �&ÿ1Uþ (1.55 eV) �$
u Al �¤�U? (11.7 eV) �, d� Al �¥�Ü©
gd>f=u)�S�[, d���Ç�CzÌ�
É(f§Ý�K�.

6 ( Ø

�©3¿§e, æ^Ä$1�&ÿ1���]
�9��{é�È3 Si Ä.þØÓþÝ�7áB
���3�á-1óÀ�^e�²ïD9¯K?
1
ïÄ. ÏL�ÔüÚ�.é¢�êâ[Ü, ·
���ØÓþÝ� Ni 9 Al ��>f - (fÍÜX
ê©O� 50×1016 � 10×1016W/(m3·K), (JL²
>f - (fÍÜXê¿Ø�þÝu)Cz.

d	, ÏLéØÓþÝ� Ni � Al ��¢�ê
â©Û, ·���>f§Ý�(f§Ýé��Ç�
K�'XXe: éu 46 nm � 94 nm þÝ� Ni �
� a/b �©O� ∼ −0.19 � −0.11, éu 52 � 103
nm � Al �� a/b �þ� ∼ 0.002. ¢�(J�L
², �&ÿ1�Uþ�u7á�¤�U?�, >f
òu)�m�[, d���Ç�CzÌ�É>f§
Ý�K�; �1fUþ$u¤�U?�, K�S
�[ÓÌ��^, ��Ç�CzÌ�É(f§Ý�
K�.

��¦/n)7á���²ïD9L§¥>
f - (fÍÜL§�Ån, Ø
�©é>f�(f
ÏL-ED9�ïÄ	, ·��L?�Úr7á�
�S¬â��, ±9Ä.é>fÑ��Ï�nÜå
5�Ä. ÏL�\/é7á����²ïD9L§
�ïÄ, �)û�>f!1>f!��N9>ì�
±9�áóÀ-1�\ó¥�9¯KJø7��
nØ�âÚ¢�Ä:.
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Matthias E 2000 Chem. Phys. 251 237

[17] Hopkins P E, Kassebaum J L, Norris P M 2009 J. Appl. Phys. 105
023710

[18] Qiu T Q, Tien C L 1994 Int. J. Heat Mass Transf. 37 2789

[19] Qiu T Q, Tien C L 1994 Int. J. Heat Mass Transf. 37 2799

[20] Park W J, Jenkins R J, Butler C P, Abbott G L 1961 J. Appl. Phys.
32 1679

[21] Cahill D G, 1990 Rev. Sci. Instrum. 61 802

[22] Qiu T Q, Tien C L 1993 J. Heat Ttransf. 11 5842

[23] Rosei R, Lynch D W 1972 Phys. Rev. B 5 3883

[24] Brorson S D, Kazeroonian A, Moodera J S, Face D W, Cheng T
K, Ippen E P, Dresselhaus M S, Dresselhaus G 1990 Phys. Rev.
Lett. 64 2171

[25] Hostetler J L 2001 Ph.D Dissertation (Virginia: University of Vir-
ginia)

[26] Hostetler J L, Smith A N, Norris P M 1997 Microsc Thermophys.
Eng. 9 237

[27] Zhu J 2011 Ph.D. Dissertation (Beijing: Graduate School of the
Chinese Academy of Sciences) (in Chinese) [6$ 2011 Æ¬Æ
 Ø© (�®: ¥I�Æ�ïÄ)�)]

[28] Hanus J, Feinleib J, Scouler W J 1967 Phys. Rev. Lett. 19 16

134402-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 13 (2012) 134402

Study on ultra fast nonequilibrium heat transfers in
nano metal films by femtosecond laser pump and

probe method∗

Zhu Li-Dan1)2) Sun Fang-Yuan1)2) Zhu Jie1)† Tang Da-Wei1)‡

1) ( Institute of Engineering Thermophysics, Chinese Academy of Sciences, Beijing 100190, China )

2) ( Graduate University of the Chinese Academy of Sciences, Beijing 100039, China )

( Received 27 October 2011; revised manuscript received 17 November 2011 )

Abstract

The reduction in size and the increase in speed of microelectronic device make the probability of nonequilibrium electron-phonon

phenomena become greater, leading to the increase of thermal resistance in the device. The measurement of electron-phonon coupling

factor in material resistance increasingly becomes important for accurate thermal treatment. The femtosecond laser pump and probe

method is used for studing the nonequilibrium heat transfer in nano metal films with different thicknesses. Exploring parabolic two-step

model (PTS) to fit the experimental data. During the fitting process, we considered the proportional relationship between the changes

of electron temperature and phonon temperature, which affects the reflectivity. By studying the different thicknesses of Ni and Al films

electron-phonon coupling factors, we find that the electron-phonon coupling factor does not change with film thickness. In addition, the

experimental result verifies that the reflectivity of probe laser is affected by electron temperature and phonon temperature at the same

time. Through the data analysis, we also get the influence coefficients of electron temperature and phonon temperature on reflectivity.
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