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1. Introduction 

We have investigated factors limiting carrier 
transport of highly transparent conductive oxide 
(TCO) films such as ZnO- and In2O3-based films 
with thicknesses (t) ranging from 5 nm to 2 µm. 
To achieve high Hall mobility (µH) TCO films 
deposited on amorphous glass substrates, we have 
developed different types of nanoscale 
technology. In this talk, we elucidate the effect of 
the two types of technologies on µH of TCO films 
deposited on the substrates.[1,2]  

 
2. 10-nm-thick critical layer 

The rf-magnetron-sputtered Al-doped ZnO (rf-
MS-AZO) polycrystalline films have a texture 
with a well-defined (0001) orientation, whereas 
polycrystalline AZO films deposited by dc‐MS 
(dc-MS-AZO) have a texture with a mixed 
orientation of the (0001) plane with other planes, 
as shown on the bottom right in Fig. 1, resulting 
in reduced µH due to a high contribution of grain 
boundary scattering to carrier transport.  

The analysis of the data obtained by atomic 
force microscopy (AFM:Park Systems NX10) 
measurements shows distinct differences in the 
surface roughness and structure between rf- and 
dc-MS-AZO films having t of more than 20 nm.  
We, thereby, develop a multistep deposition of dc-
MS-AZO/10-nm-thick rf-MS-AZO/substrates [1]. 
Figure 1 shows cross-sectional schematic 
diagrams, AFM images and out-of-plane wide-
range reciprocal space maps (RSMs) of the 
samples (RIGAKU, SmartLab), where Ra and Rq 
are average roughness and mean-square 
roughness, respectively. From Fig. 1, we 
concluded that the use of the 10-nm-thick critical 
layer produces improved surface roughness thick 
AZO films that have a texture with a well-defined 
(0001) orientation.   

  
 
 
 
 
 

 
 

 
 
 
 
 
Fig. 1 cross-sectional schematic diagrams of samples, AFM 
images and out-of-plane wide-ranged reciprocal space maps 
of AZO films. 
 
 

The results of Hall effect measurement at room 
temperature yield that the presence of the critical 
layers enhances the carrier concentration (ne) by 
6.76 % as well as µH by 15 % compared with AZO 
films deposited on critical-layer-free glass 
substrates. This results in a decrease in electrical 
resistivity (r), that is inversely proportional to the 
products of ne and µH, by 18.3 % (r =2.32×10-4 
Ωcm). Analysis of the experimental data clearly 
reveals that the increase of µH is due to the fact 
that the GB scattering mechanism contributes very 
little to the carrier transport. 
 
 
3. Specular or diffuse scattering  

We achieve 5-nm-thick conductive 
polycrystalline W-doped In2O3 (p-IWO) films 
showing µH of 57.7 cm2/(Vs) with solid-phase 
crystallization of amorphous IWO (a-IWO) films 
deposited on glass substrates (Coring EAGLE 
XG). We used reactive plasma deposition with dc 
arc discharge (RPD: Sumitomo Heavy Industries, 
Ltd.). The a-IWO films were deposited on the 
substrates without intentionally heating of them.  
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Fig. 2 (a) Mean Free path of carrier electrons (lMFP) and (b) 
product of Fermi wave vector and lMFP of a-IWO films 
(triangles) and p-IWO films (circles) as functions of 
thickness (t). 
 
 
 
 
 

Fig. 3 (left) specular and (right) diffuse scattering 
 

Figures 2(a) and (b) show the mean free path of 
carrier electrons (lMFP) and (b) product of Fermi 
wave vector (kF) and lMFP, that is an important 
physical quantity which characterizes the degree 
of disorder in a conductor [2], of a-IWO films 
(triangles) and p-IWO films (circles) as functions 
of thickness (t). lMFP are calculated using the 
experimental data, ne and µH, and kF are obtained 
theoretically using ne. From Fig. 2(a), for IWO 
films with t of less than 10nm, we find lMFP close 
to t. In such films, in case that dominant scattering 
mechanism at the film surface and film/substrate 
interface is not specular but diffuse scattering one 
(Fig. 3), µH will be substantially reduced. We will 
discuss in more detail based on the classical size 
effect model below. Figure 2(b) shows that the 
condition for the metallic regime: kF×lMFP >1 is 
satisfied for all the a- and p-IWO films, in which 
the transport of charge carriers takes place vis de-
localized states. Note that Figure 2(b) clearly 
shows a abrupt decrease in the kF×lMFP with a 
decrease in t from 10 nm for p-IWO films. Here, 
however, we focus on the study about dominant 
factors limiting µH based on the above classical 
size effect model.      

 In this work, as a resolution to the crucial 
issue, we optimized the energy of the flying 
particles, singly charged indium (In+) ions, to be 
25 eV, to reduce the roughness of the surfaces and 
interfaces of less than 1 nm [2]. The 
aforementioned values of two different types of 
roughness has been confirmed by X-ray 
reflectivity (XRR) measurements. 

In the ultrathin p-IWO films, we can 
distinguish three mechanisms of free-electron 
scattering: bulk, surface, and film/substrate 
interface ones. Each of these scattering 
mechanism has its characteristic relaxation time, 
and the resultant relaxation time of the films tf is 
given as 

 
  tf-1 = tB-1 + tsur-1 + tif-1,                    (1) 
 

where tB, tsur and tif denote the relaxation times of 
carrier electrons in the bulk, at the surface and 
interface scattering, respectively. The following 
conclusions were obtained from the comparison 
between the results of Hall effect measurements 
on the ultra-thin films of various thicknesses and 
the carrier mobility theoretically obtained using 
equation (1): When t is reduced from 10 nm, the 
scattering mechanism changes from specular to 
diffuse scattering. This results in reduced µH with 
a decrease in t. One of the causes of the above 
scattering-mechanism change should be the 
localized distribution of oxygen atoms diffusely 
transferred to the surface and interface during 
postannealing, on the basis of analysis of the data 
obtained by high resolution Rutherford 
backscattering spectrometry (RBS) 
measurements. A solution to control the degree of 
this change is essential for widening TCO 
applications. 

 
4. Conclusion 

The surface and/or film/substrate interface 
modification of TCO films with t of less than 10 
nm is a very effective way for tailoring carrier 
transport of TCO films.  
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Ee- e-p pp' p'

Classical size effect model:
partial specular (p, q) and partial diffuse (1-p, 1-q) scattering

specularity parameter: 
p at surfaces, q at interfaces

specular scattering:
p=q=1

diffuse scattering :
p < 1,  q < 1

External electric field

t : relaxation time, gB= t (thickness)/ l (mean free path), 
f : film, B: Bulk, sur: surface, if: interface

t = 4.88, 6.94, 9.70 
p=q: 0.84, 0.86, 0.88
diffuse → specular

With increasing t, 
µH increases.
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DBSSJFS DPODFOUSBUJPO 	OF
 BOE 	D
 )BMM NPCJMJUZ 	µ)
 BT GVODUJPOT PG
àMN UIJDLOFTT 	U
� "T B DPNQBSJTPO UIPTF PG B�*50 HSPXO BU BO
0'3 PG �� TDDN 	DMPTFE USJBOHMFT
 GSPN �� BOE DPSSFTQPOEJOH
QPTUBOOFBMFE Q�*50 àMNT 	DMPTFE DJSDMFT
 BSF BMTP TIPXO�

JT QSPQPSUJPOBM UP CPUI µ) BOE OF��� BT TIPXO CZ FRVBUJPO 	�

UIF U EFQFOEFODF PG λ.'1 JT TJNJMBS UP UIBU PG UIF µ) PG B�
BOE Q�*80 àMNT� 5IJT TIPXT UIBU λ.'1 PG UIF B� BOE Q�*80
àMNT BU BOZ HJWFO U JT MBSHFS UIBO UIF #PIS SBEJVT PG BQQSPYJN�
BUFMZ ��� ON PG *O�0� <�� ��>� 8F GPVOE UIBU U JT MBSHFS UIBO
λ.'1 GPS B�*80 àMNT BU BOZ HJWFO U� 0O UIF PUIFS IBOE OPUF
UIBU U JT TNBMMFS UIBO λ.'1 GPS Q�*80 àMNT XJUI U PG MFTT UIBO
�� ON XIFSFBT U JT MBSHFS UIBO λ.'1 GPS UIJDLFS Q�*80 àMNT�
'PS BMM UIF Q�*80 àMNT OF JT PG NPSF UIBO ���× ���� DN−� BT
TIPXO JO àHVSF � BOE UIF BWFSBHF EJTUBODF CFUXFFO DBSSJFST
	ST
 SPVHIMZ FTUJNBUFE CZ 	OF
��� JT PG MFTT UIBO ��� ON� UIF
NJOJNVN WBMVF PG ST JT UXJDF PG UIF #PIS SBEJVT� 5IJT XPVME
JNQMZ B TVGàDJFOU PWFSMBQ CFUXFFO UIF XBWFGVODUJPOT PG UIF
FMFDUSPOT JO àMNT� 'JHVSF �	C
 TIPXT UIBU UIF DPOEJUJPO GPS UIF
NFUBMMJD SFHJNF� L'λ.'1 � � JT TBUJTàFE GPS BMM UIF B� BOE Q�

'JHVSF �� 	B
 .FBO GSFF QBUI PG DBSSJFST 	λ.'1
 BOE 	C
 QSPEVDU PG
'FSNJ XBWF WFDUPS BOE NFBO GSFF QBUI 	L'λ.'1
 PG B�*80
	USJBOHMFT
 BOE Q�*80 àMNT 	DJSDMFT
 BT GVODUJPO PG UIJDLOFTT 	U
�

*80àMNT JO XIJDI UIF USBOTQPSU PG DIBSHF DBSSJFST UBLFT QMBDF
WJB EF�MPDBMJ[FE TUBUFT� 'PS ���ON�UIJDL Q�*80 àMN TIPXJOH
B IJHI L'λ.'1 PG ���� JU BQQFBST UIBU UIF SBOEPN PSJFOUBUJPO
PG DSZTUBMMJUFT TIPXO JO àHVSF � BGGFDUFE UIF DBSSJFS USBOTQPSU
MJUUMF� /PUF UIBU àHVSF �	C
 DMFBSMZ TIPXT B EFDSFBTF JO UIF EJT�
PSEFS QBSBNFUFS L'λ.'1 XJUI EFDSFBTJOH U GSPN �� ON� 5IF
U�EFQFOEFODF CFIBWJPS JOEJDBUFT UIBU UIF UISFF Q�*80 XJUI U
PG MFTT UIBO �� ON CFDBNF B XFBLMZ EJTPSEFSFE NFUBM� 5BL�
JOH JOUP BDDPVOU UIF GBDU PG MJUUMF EJGGFSFODF JO CPUI EN BOE SJG
BNPOH Q�*80 àMNT XJUI EJGGFSFOU U BT TIPXO JO àHVSFT �	B

BOE 	D
 UIBU XPVME CF EVF UP B U WBSJBUJPO JO UIF EFHSFF PG EJT�
PSEFS PG 70

• EFGFDUT OFBS UIF àMN TVSGBDF� 'SPN UIPTF àOE�
JOHT GPS Q�*80 àMNT XJUI U PG MFTT UIBO �� ON UIF DPOEVDU�
JWJUZ UIBU DBO CF USFBUFE XJUIJO UIF DPOUFYU PG UIF #PMU[NBOO
UIFPSZ TIPVME CF NPEJàFE� $POTJEFSJOH UIBU àHVSF �	D
 GPS UIF
WFSZ UIJO àMNT TIPXT UIBU UIF U EFQFOEFODF PG µ) JMMVTUSBUFE
UZQJDBMMZ UIF DMBTTJDBM TJ[F FGGFDU <��> UIF FMFDUSPOJD QSPDFTTFT
PG UIF TVSGBDF PS JOUFSGBDF TUBUFT EVF UP UIF OPO�VOJGPSNJUZ
PG UIF TQBUJBM EJTUSJCVUJPO PG UIF 70

• EFGFDUT XPVME BGGFDU UIF
QSPQFSUJFT PG UIF FMFDUSPO TDBUUFSJOH XIJDI XJMM CF EJTDVTTFE
CFMPX�

8F BQQMJFE B DMBTTJDBM�TJ[F�FGGFDU NPEFM UP UIF UISFF Q�*80
àMNT XJUI U PG MFTT UIBO �� ON UP FMVDJEBUF LFZ GBDUPST UIBU
EFUFSNJOF DBSSJFS USBOTQPSU� *O UIF *80 àMNT XF DBO EJT�
UJOHVJTI UISFF NFDIBOJTNT PG GSFF�FMFDUSPO TDBUUFSJOH� CVML
TVSGBDF BOE JOUFSGBDF POFT� &BDI PG UIFTF TDBUUFSJOH NFDI�
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5P TUVEZ UIF OBUVSF PG UIF DBSSJFS USBOTQPSU PG WFSZ UIJO B� BOE
Q�*80 àMNT XJUI U PG MFTT UIBO �� ON XF UBLF PVS TUBOE�
QPJOU UIBU JT CBTFE PO UIF *PGGF BOE 3FHBM TUBUFNFOU UIBU UIF
NFBO GSFF QBUI PG GSFF DBSSJFST 	λ.'1
 JO B NFUBMMJD TZTUFN DBO�
OPU CF MPXFS UIBO UIF FMFDUSPO XBWFMFOHUI� L'λ.'1 � � 	XIFSF
L' JT UIF NBHOJUVEF PG UIF XBWF WFDUPS BU UIF 'FSNJ TVSGBDF

<��>� /PUF UIBU L'λ.'1 JT BO JNQPSUBOU QIZTJDBM RVBOUJUZ XIJDI
DIBSBDUFSJ[FT UIF EFHSFF PG EJTPSEFS JO B DPOEVDUPS� "TTVN�
JOH B WFSZ TNBMM DPOUSJCVUJPO PG HSBJO CPVOEBSZ TDBUUFSJOH UP
DBSSJFS USBOTQPSU BOE UIF WBMJEJUZ PG UIF 'FSNJ HBT NPEFM GPS
BMM UIF IFBWJMZ 8�EPQFE *O�0� àMNT XF UIFSFCZ DBMDVMBUFE
UIF WBMVFT PG SFMFWBOU FMFDUSPOJD QBSBNFUFST λ.'1 <��> BOE
L' 	=	�π�OF
���
 VTJOH UIF GPMMPXJOH FYQSFTTJPO CBTFE PO UIF
'FSNJ HBT NPEFM�
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XIFSF µ I BOE F EFOPUF UIF NPCJMJUZ PG DBSSJFST UIF 1MBODL
DPOTUBOU BOE UIF FMFNFOUBM DIBSHF SFTQFDUJWFMZ� )FSF XF UBLF
µ) BT µ� 'JHVSFT �	B
 BOE 	C
 TIPX UIF λ.'1 BOE L'λ.'1 PG
B� BOE Q�*80 àMNT BT GVODUJPOT PG U SFTQFDUJWFMZ� 4JODF λ.'1
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Mean Free Path of carrier electrons

the wave vector at the Fermi surface 

t ~ lMFP

kFlMFP characterizes the degree of 
disorder in a conductor.

A. F. Ioffe, A. R. Regel, Prog. Semicond. 4 
(1960) 237. 

Mean free path of carriers and product of Fermi wave vector and 
mean free path of a- and p-IWO films as functions of thickness (t) 
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