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w h y  In Situ, 
Real-Time 
Characterization 
of Thin-Film 
Growth Processes? 

Orlando Auciello and Alan R. Krauss, 
Guest Editors 

It is anticipated that a new generation 
of advanced  electronic a n d  optical 
devices will involve the synthesis of di- 
verse materials in single or multielement 
thin-film form, or in layered hetero- 
structures. These devices will most likely 
involve diverse materials such as high- 
temperature superconductors, ferroelec- 
tric, electrooptic, and optical materials; 
diamond; nitrides; semiconductors; in- 
sulators; and metals' in the form of ultra- 
th in  layers wi th  sha rp  interfaces in 
which the layer thickness may reach 
atomic dimensions. Therefore, it be- 
comes increasingly important to be able 
to monitor the deposition process in sifii 
and in real time, particularly for complex 
multicomponent oxides or nitrides, in 
which the production of the desired 
phase is a highly sensitive function of the 
growth conditions, often requiring rela- 
tively high-pressure osygen or nitrogen 
environments up  to several hundred 
mTorr, and in some cases. several Torr.' 
Consequently. the srorvth environment 
for many or' these matecials is incompat- 
ible with conventional surface-analytic 
methods, tvhich are typically restricted 
to high- or ultrahigh-vacuum conditions. 
New deposition 2nd analytical methods, 
or adaptation of those already established, 
will be required. 

Since thin-film growth occurs at the 
surface, the analytical methods should 
be highly surface-specific, although sub- 
surface diffusion and chemical processes 
also affect film properties. Sampling 
depth and ambient-gas compatibility are 

key factors rvhich must be considered 
when choosing in situ probes of thin- 
film growth phenomena. In most cases, 
the sampl ing  depth  depends o n  the  
mean range of the exit species (ion, pho- 
ton, or electron) in the sample. Tech- 
n iques  such  a s  low energy electron 
diffraction (LEED), Auger electron spec- 
troscopy (XES), and ultraviolet (UPS) 
and x-ray photoelectron spectroscopies 
(XPS) detect 100-2,000 eV electrons 
which have a typical range of -5-40 a 
in solids. However, electrons also un -  
dergo significant gas-phase scattering 
which degrades the energy information 
and limits their analytical usefulness to 
high and  ultrahigh-vacuum environ- 
ments. Reflection high energy electron 
diffraction (RHEED) employs higher en- 
ergy electrons (-20 keV) and may be 
used at pressures up to 10-6-10-' Torr. 
Low-energy (several keV) ion-beam 
techniques such as ion scattering spec- 
troscopv (15s) and direct recoil spectro- 
scopit?s.(DRS) provide perhaps the most 
surface-specific information of any  
anal!-sis method, but because they are 
relatively insensitive to multiple-scatter- 
ing effects, the quality of the information 
is not seriously degraded by passage 
through a region of modest ambient-gas 
pressure. hlethods which detect higher 
ena-gy (hleV) ions such as Rutherford 
backscattering spectroscopy (RBS) and 
elastic recoil detection (ERD) are even 
less subject to gas-phase scattering, an? 
may be used at pressures up to 1 atm.- 
However the sampling depth increases to 

0.3-2 pm. .A similar sampllng depth is 
obtained for methods which detect x-ray 
photons, unless they employ a yrazinp 
exit angle to limit the depth of signal ori- 
gin or grazing incidence to limit the 
probe depth. Finally, methods rvhich 
employ visible light such as ellipsometry 
and interference spectroscopy are not 
surface-specific, but are useful probes ot 
thin-film growth processes because they 
determine macroscopic properties such 
as film thickness, roughness, index ot 
refraction. and growth rate. b l r thodj  
which detect x-ray or visible photons can 
typically be used at almost any pressure. 

The techniques that are discussed in 
this issue of the LLIRS B~dlrti)z (see sche- 
matics in Figure 1) have been chosen be- 
cause  they may be used  for in s i t u ,  
real-time analysis of film-growth phe- 
nomena in vacuum and in the presence 
of ambient gases resulting either from 
the deposition process or a s  a require- 
ment for the production of the desired 
chemical phase. A second criterion for 
inclusion is that the instrumentation be 
sufficiently compact and inexpensive to 
permit use as a dedicated tool in a thin- 
film deposition system. 

The article by A.R. Krauss, 0. Auciello, . and JA. Schultz describes the develop- 
ment  and  application of low-energy 
(5-15 keV) time-of-flight ion scattering 
and recoil spectroscopy (TOF-ISARS) 
methods: which can provide a remark- 
ably wide range of information on sur- 
face composition, atomic structure of the 
first few monolayers, lattice-defect den- 
sity, trace-element analysis. phonon 
characteristics, and in some cases, the 
chemical phase of the growing film in 
thin-film deposition environments. 

The article by E . A .  Irene and  J .A.  
Woollam describes spectrometric ellip- 
sometry (SE), a well-established tech- 
n ique  tha t  can  be used  for it1 sitil.  
real-time analysis of growth processes.; 
This method has been extensively used 
in analysis of semiconductors, and most 
recently has been applied to study com- 
plex high-temperature superconductors 
and ferroelectric films as *samples or' 
complex multicomponent materials. This 
technique provides information on sur- 
face roughness, interface sharpness. and 
defect density, for example, but interpre- 
tation of the data is only possible u s i q  ;i 
parametric model which requires addi- 
tional information such as composition, 
lattice structure, and interface character- 
istics that i a n  be provided by various 
techniques, including TOF-ISXRS. 

The article by C.D. Zuiker .  D.hI. 
Gruen, and A.R. Krauss examines the 
use of optical interference spectroscopy 
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Figure 7.  Schematics showing the principle of the in situ. real-time characterization 
techniques discussed in this issue. 

as an bi j i f i i  means of measuring film- 
growth rate and surface roughness on  
the micron scale. This method has the 
virtue of simple setup, low cost, and the 
ability to provide some of the informa- 
tion required for the interpretation of el- 
lipsometric data. 

The article by I. Bozovic and J.N. Eck- 
stein focuses on the use of RHEED as a 
tool for in situ, real-time monitoring 
of growth processes. The diffraction 
pattern produced by a n  electron beam 
impinging on  the growing film at a 

grazing-incidence angle provides a k- 
space view of the crystallography of the 
film surface (specifically, the lattice con- 
stant and the symmetry), its relation to 
the underlying layers, and the surface 
roughness on an  atomic scale. RHEED 
can be used in some cases to determine 
the nature of the chemical reactions at 
the surface, and is particularly useful for 
monitoring transient chemical interme- 
diate states which result from the reac- 
tions that occur during the growth of 
each unit cell.’ 

The article bv T.X. Roberts and K.E. 
Gray discusses‘the use of x-ray fluores- 
cence spectroscopy (XRFS)  for LIZ  situ,  
real-time analysis of film-growth pro- 
cesses. X-ray fluorescence induced by x- 
ray excitation is used to monitor film 
composition during growth in an ambi- 
ent background gas. The technique is 
fairly simple to set up, has a relatively 
high surface sensitivity, and is nonde- 
st r uc tive.” 

The article by N. Dietz and K.J. Bach- 
mann focuses on a new, inexpensive 
technique for real-time monitoring of 
epitaxial growth processes based on the 
reflection of a parallel-polarized light 
that impinges onto the surface of the 
substrate close to the Brewster angle of 
the material. The method can provide in- 
formation about optical and  dielectric 
properties of the growing film as well as 
of growth mechanisms. 

The experimental methods described 
in this issue of the M R S  Bulletin are not 
all-inclusive. They present examples of 
new methods which are being developed 
or old methods which are being extended 
to fill the need for better understanding 
of thin-film growth phenomena in com- 
plex multiphase materials and layered 
heterostructures which utilize these ma- 
terials for the production of new devices. 
In addition, the methods were selected 
on the basis of their potential use as  
dedicated in sifii monitors in production 
facilities. 

References 
1. 0. Auciello, .-\.I. Kingon, D.1. Lichtenwal- 
ner. and A.R. Krauss, in Midticompoiirtrt n i L f  
Mii l t i lnyered Thin Films jor Aknticrd .Llicro- 
trclitzoloyirs: Trchii71irs, F~i i~d~1rnr t1 t .11~ r z 1 1 J  
Dtxyicrs, vol. 234, edited by 0. Auciello and j. 
Engemann (NATO/.ASI Book Series E, Kluiver 
Academic Publishers, The Netherlands. 1993) 

2. 8. Doyle, R.T. 1IcCr;lth. .~nd .\.E. Pontau. 
.\-zit!. [tistrutti. .Clrt/ra~is ?hys. .?s BZ1 t 19S;b 

3. -1.R. Krauss.  Y. L i n .  0 AacieI!~). G ! 
Lamich. D.11. Gruen.l..\. khui tz ,an i !  R.P.H. 
Chang, I. L;7c. Sc:. . z j f : f  Tt~c!:i!,.... A12 . IQQ4’ 

4. R.K. Sarnpson, K..\. C o n r ~ i i .  E..k Irene. 
and H.Z. Massoud, 1. Elrctrocirrni. Sot. 140 
i 1993) p. 1734. 
5. J.N. Eckstein, I. Bozovic, 11.E. Klausmeier- 
Brown, G.E. Virshup, and K.S. RaIIs, .I125 
Bidlrtiti XVII ( S )  (1992) p. 27. 
6. T. Roberts and E. Grey, in .Cl:i!ticorti?olir,i: 
nnd .L.liiltiliiyrrd rhitl Filmsfor . 4 k u t t c d  .If: - 
crottchnoloy its: Techtiiqiies, Fiindnmrtlt.rls mij 
De:icts, 1-01. 34, edited by 0. Auciello and J. 
Engemann (NATO/ASI Book Series E, Kluicer 
Academic Publishers, The Netherlands. 1992 
p. 395. - 

p. 152. 

p .  34. 

F. 1°-!3. 

MRS BULLETIN/MAY 1995 15 



I. 
Why In Situ, Real-Time Characterization of Thin-Film Growth Processes? 

Orlando Auciello, 
Guest Editor for this 
issue of the .\.lRS 
B!rllrtbr, IS a senior 
research Scientist at the 
Microelectronics Center 
of Xorth Carolina 
(MCNC) Electronic 
Technologies Division 
and is an adjunct pro- 
fessor in the Depart- 
ment of Materials Sci- 
ence at Xorth Carolina 
State University 
(NCSL‘). He received 
>IS and PhD degrees 
from the Physics Insti- 
tute “Balseiro,” Uni- 
versity of Cuyo. Recent- 
ly, he has focused on 
coatings for field emitter 
cathodes. Auciello is a 
permanent research 
associate at Argonne 
National Laboratory 
and has been a guest 
scientist at \*arious insti- 
tutions including 
Princeton Plasma Phys- 
ics Laboratory, Argonne, 
and the University of 
Wuppertal. His list of 
publications is exten- 
sive, including numer- 
ous invited reviews and 
book chapters, as well 
as six edited books. He 
has been the organizer 
and director of and a 
lecturer at NATO Ad- 
vanced Study Institutes. 
Auciello recently 
received the 1994 R 
Bunshah Award from 
the American Vacuum 
Society, along with Alan 
R. Krauss and J. Albert 
Schultz, for the work 
described in their article 

For more iniormation, 
Xuciello can be reached 
.it MCSC, Electronic 
Technologies Division, 
?El Comicallis Rd., 
Research Triangle Park, 
SC  27709-2889. phone: 
J!q-2&lS72, fax: 
A!Q-2&145 j. 

appearing in this issue. 

Alan R. Krauss, Guest 
Editor for this issue of 
h e  .LIRS Birllrtirz, is a 
star? scientist and group 
Iwder in the Materials 

Orlando Auciello Alan R Krauss Klaus J. Bachmann 

Science and Chemistry 
Divisions at Xgonne 
National Laboratory. He 
received a BS degree in 
physics from the Uni- 
versity of Chicago, and 
h4S and PhD degrees in 
solid-state physics from 
Purdue University, fol- 
lowed by a postdoctoral 
appointment at the Uni- 
versity of Chicago. He 
recently received the 
1994 R Bunshah Award 
from the American Vac- 
uum Society, along with 
Orlando Auciello and J. 
Albert schultz, for the 
work described in their 
article appearing in this 
issue. His research inter- 
ests include the interac- 
tion of energetic parti- 
cles with solid surfaces, 
sputtering and ioniza- 
tion phenomena, ion 
and electron emission 
from surfaces, thin-!ilm 
deposition, and alloy 
segregation phenomena. 
For more intormation, 
Krauss can be contacted 
at .-\rgonne National 
Laboratory, blaterials 
9ience and Chemistry 
Di7::sions. T @ 0  South 
Cass.i~enue,.I\rgonne. 
IL ot439, phone: 708- 

5535, ernail: alan- 
krauss@qmgate.anl.gov. 

>;----7 -_- J J - 0 ,  fax: 70’0g232- 

Klaus J. Bachmann is a 
professor of materials 
science and engineering 
and chemical en,$neer- 
ing at North Carolina 
State University. He 
received his degree in 
chemistry from the Freie 
Universitat Berlin, 

‘im Eckstein 

working in the field of 
electrochemical kinetics. 
In 1970 he joined AT&T 
Bell Laboratories where 
he worked in the Physi- 
cal Metallurgy, Solid 
State Chemistry Re- 
search, and %laterials 
Physics Departments on 
research related to opto- 
electronics. His present 
research interests focus 
on advanced epitaxial 
methods for nonlinear 
optical materials and the 
integration of <om- 
pound semiconductors 
with silicon technology 
under conditions of real- 
time Frosess cmtrol. 

Ivan Bozovic :5 senior 
x:enc~: at iarian 
Research Cen:er, Palo 
Ate. :\.here he studies 
synthesis and Froperties 
of sing!e-crl;s:al films 
and hererosbxtures 
that include cuprate 
superconductors and 
other comFle\ oxides. 
Previously, he :vas the 
head af the Physics D e  
partment at the Univer- 
sity of Belgrade. a visit- 
ing professor at  Stan- 
ford Cniversih and 

Notre Dame University 
in Belgibm, and a visit- 
ing scholar at the Uni- 
versity of Caliiomia- 
Berkeley and the Uni- 
versity of Pennsylvania. 
His credits include over 
120 papers, numerous 
invited talks, four 
chaired conterences, the 
Fulbright Award, and 
the Be!grade institute of 
Physics Prize. 

Nikolaus Dietz is a 
research staff member in 
the Department ot’ 
!.[aterials kience and 
Engineerin? at North 
Cxolina 5rate Uruver- 
riry. He r e x i <  ed :his 
PhD desree +ysics 
irom h e  Tdmische 
LnirersitAt Berlin. 
\ \ . o r b %  m optical 
qxctroscopy and defect 
characterization in 11-IV 
and chalcopyrite semi- 
conducwrs. His current 
research interests are in 
the ‘ireas oi thin-4x11 
deposition &miques 
~vith real-rime control 
applications. Lis (vel1 as 
various optic21 spec- 
trOSCOpV teChnlqUeS. 

Ivan Bozovic 

Kenneth E. Gray 

Jim Eckstein is a senior 
scientist at the Varian 
Research Center, Palo 
Alto, where he leads the 
superconductivity 
group. His interests are 
in the use of atomic 
layer-by-layer .molecular 
beam epitaxy of iom- 

turing of artificial 
materials, and h e  study 
of physics at novel 
heterointerfaces. Eck- 
stem received ?us PhD 
degree TI phvsics from 
Staniord Lnit ersity 
where he :eiearched 
high-reioluhon !aser 
spectroscopy .md non- 
linear L’r::cs 

Kenneth E. Gray :s .I 
senior xennsr .md 
ZrouF .eac!er :he 
!.[ateriais kclence Divu- 
ion of .irgonne Nationa. 
Laboraton. H e  receivx 
his BS and !.IS degrees 
in engineering physics 
from the Lniversih or 
Caliiorr;la-Berbeley 

v:sicc i o m  Cam- 
bridge L nii eoirl;. His 
resear& mterests 
inch& m e i m q  and 

plex o d e s ,  the struc- 

and hh PhD degrrt? in 
Ph. - --; 

16 MRS BULLETlNiMAY 1995 

mailto:krauss@qmgate.anl.gov


- 
Why In Situ, Real-Time Characterization of Thin-Film Growth Processes? 

Dieter M. Gruen 

J. Albert Schultz 

ilux tlow in super- 
conductors and film 
deposition. Hi research 
has resulted in several 
patents and RD-100 
awards. In 1989, he 
received the Depart- 
ment of Energ Award 
ior Significant Implica- 
tion to DOE-Related 
Technologies in %lid 
State Physics: "Thin- 
Film Superconducting 
Device Concepts and 
Development." 

Dieter >I. Gruen is a 
senior scienhst at 
.-\r,oonne Sational La- 
boratov .md 'issuciate 
director oi the blaterials 
5i:ence Division. He 
receitw.1 his BS and .CIS 
.iegrees rn ~hemistry at 
Northu.estem Cniversi- 
t! .md .3 PhD degree in 
chemical physics at the 
Universih of Chicago. 
Cnien has received a 
number of mearch 
awards including the 
.Americ.m tnstitute of 
Chemists Student 
bledal, the Department 
oi Energy blaterials Sci- 
ence Award, the IR-100 
Award. the Inventor of 

MRS BULLETlNlMAY 1995 

John A. Woollam 

the Year from the Patent 
Latv Association of 
Chicago, and the Uni- 
versity of Chicago 
Award for Distin- 
guished Performance at 
Argonne. He has pub- 
lished approximately 
300 publications. 

Eugene A. Irene 
received a PhD degree 
in solid-state chemistry 
from Rensselaer Poly- 
technic Institute in 1972. 
Since 1982 Irene has 
held a professorship in 
physical chemistry at 
the Cniversity of North 
Carolina. Irene's o n p  
iny research includes 
shidies of ~i,ielectric 
f i h  and se.miconduc- 
tor surfaces and inter- 
faces where a combina- 
tion of optical (ellipsom- 
e p ,  reflectance), chemi- 
cai 'IR, E. snE, etc.), 
.md olectronic methods 
IC-\: I-V, tunneling) are 
used to elucidate film- 
formation mechanisms 
an i  properties. Irene 
received the Callinan 
at\.ard of the Electro- 
chemical k ie ty ,  and 
has more than 160 pub- 

- 
Timothy A. Roberts 

Christopher D. Zuiker 

lications in this field. Fif- 
teen PhD degrees have 
been awarded thus far 
in his research group. 

Timothy A. Roberts is a 
research staff member at 
the Center for Naval 
.bnlyses in Alexandria, 
VA, He received his BS 
degree in metallurgical 
engineering and materi- 
als science from 
CnmegiebIellon Uni- 
versity and his PhD in 
materials science and 
engineering from North- 
wetem University. His 
PhD *-is research was 
iomcleted in the Mater- 
ials kience Division at 
.-\rr~nr.e htional La- 

boratory. In 1992 he was 
awarded a fellowship to 
participate in the Na- 
tional Science Founda- 
tion Summer Institute in 
Japan where he was a 
guest researcher at 
h y o  Electric. 

J. Albert Schulk re- 
ceived a l3S degree in 
chemistry from South- 
western University and 
an MS degree from the 
University of North Car- 
olina-chapel Hill 
where he also received a 
PhD degree in physical 
chemistry. During the 
past eight years he has 
had extensive consulta- 
tion/collaboration with 
research groups at IBM, 
the Space Vacuum Epi- 
taxy Center at the Uni- 
versity of Houston, 
Naval Research Labora- 
tories, the Department 
of Energy Mound, 
kgOnne,Na tional 

tral Research Laborato- 
ries in Tokyo, and Beer 
Sheva Nuclear Research 
Center in Israel. He 
recently received the 
1994 R. Bunshah Award 
from the American Vac- 
uum Society, along with 
Orlando Auciello and 
Alan R. Krauss, for the 
work described in their 
article appearing in this 
issue. 

Laboratoy, Hitachi C a -  

John A. Woollam is a 
George Holmes Profes- 
sor of Electrical Engi- 
neering at the L'niversity 
of Nebraska. He re- 

ceived a PhD de,- in 
physics from Michigan 
State Universiv and was 
an employee of the 
NASA L e ~ k  Research 
Center prior to joining 
the faculty at the Lniver- 
sity of North Carolina. 
His research in recent 
years has involved the 
preparation and charac- 
terization of thin t4ms 
for application in optics, 
magnetooptics, multilay- 
er electronics, and envi- 
ronmentally clean sur- 
faces. He has published 
300 papers in these areas 
and is a Fellow of the 
American Physical Soci- 
ety. 

Christopher D. Zuiker 
received his Bs degree in 
nuclear en,@neering with 
highest honors, as well 
as university honors, 
from the University of 
Illinois-Urbana. He was 
awarded a National '55- 
ence Foundation Fellow- 
ship and received his 
PhD degree in as- 
physical sciences from 
Princeton University 
with the thesis, "Laser 
Induced Fluorescence 
Measurements in an 
Electron Cyclotron Reso- 
nance Plasma Etch Reac- 
tor,'' under the direction 
of J.L. Cecchi. He is cur- 
rently working at 
Argonne National Labc- 
ratory in the chemistry 
and materials science 
divisions. His research 
involves plasma-enhanc- 
ed chenucal vapor depc 
sition of diamond 5lms.I 

UPCOMING IN NEXT MONTH'S MRS BULLETIN: 
Theme: Organic Thin Films 

Guest Editors: Tisato Kajiyama, Kyushu University; David G. Whitten, 
University of Rochester; and Toyoki Kunitake, Kyushu University 

... including Langmuir-Blodgett films, organic monolayers, 
lipid bilayers, and other self-assembling structures. 
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