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ABSTRACT 

A highly sensitive multielement analytical method known as vapor phase decomposition flow injection inductively 
coupled plasma-mass spectrometry (ICP-MS) was developed and used to measure the concentration of trace metals on 
silicon wafer surfaces. The method uses hydrogen fluoride vapor to decompose and release metal contaminants from a 
surface oxide. These trace metals are then collected by scanning a small drop of dilute acid solution throughout the wafer 
surface. Trace metals in the solution are measured by ICP-MS using flow injection (FI) sample introduction. Potentially, 60 

8 11 2 elements can be measured with detection limits ranging from 10 to 10 a tom/cm.  Typical surface concentrations of trace 
metals on silicon wafers with native oxides and dielectric oxides were measured and presented. 

The removal and control of metallic contaminants on sil- 
icon wafers is an important aspect of wafer and semicon- 
ductor device manufacturing. 1 Metallic contaminants 
cause deterioration in the performance and yield of semi- 
conductor devicesY During high temperature processes, 
metals diffuse rapidly into silicon substrates and cause un- 
desirable changes in electrical characteristics. In ULSI 
manufacturing, very low surface concentration of metals in 
the range of 10 l~ to 1011 atom/cm 2 or lower is required. This 
metal contamination level corresponds to less than 0.001% 
of a monolayer coverage on a wafer surface. 

Currently, metal impurities on silicon wafers are meas- 
ured predominately by surface analytical techniques such 
as total reflection x-ray fluorescence spectroscopy (TXRF) 
and secondary ion mass spectrometry (SIMS). 4-9 The ad- 
vantage of these techniques is that these are nondestructive 
techniques, do not require sample preparation, and they 
allow on-line or near-line measurements. 8 These tech- 
niques have relatively good sensitivity with detection lim- 
its in the range of 109 to 1012 atom/cm 2. Traditional TXRF 
technique has poor sensitivity (>1013 atom/cm 2) for some 
important low mass elements such as B, Na, Mg, K, and A1. 8 
In addition, background interferences inhibit the measure- 
ment of other elements such as W-and Fe at usefully low 
detection limits. Also, the accurate quantitation is difficult 
due to the lack of representative reference standards. 

Furthermore, both SIMS and TXRF techniques measure 
only a very small area of the wafer and evaluate only the 
top 20 to 30 A layer of the wafer surface which limits their 
application for measuring metal contaminants in dielectric 
oxide layers with greater thickness. 

Another sensitive method currently used for metal anal- 
ysis on silicon wafers is based on the use of g~'aphite fur- 
nace atomic absorption spectroscopy (GFAAS). 1~ In this 
technique, a silicon oxide layer is decomposed by HF vapor 
and the metal impurity on a silicon wafer is collected into 
a very small volume of solution and analyzed for one ele- 
ment at a time by GFAAS. Detection limits achieved are in 
the range of 109 to 1011 atom/cm 2. The main disadvantage of 
this method is that only one element can be analyzed at a 
time since each element requires different parameter ad- 
justments and sometimes different matr ix modifiers. Con- 
sequently, analysis by GFAAS is time consuming and not 
practical. The advantages of this method are that the re- 
sults obtained are accurate and low mass elements such as 
Al, Na, Mg, and K can be determined down to 101~ atom/ 
am 2. 

Here, a multielement instrument, the ICP-MS is used for 
the determination of trace metals on silicon wafers. 19 This 
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method overcomes the main disadvantage of the GFAAS 
because it can analyze many elements rapidly. Trace metals 
are collected from a wafer with native oxide or dielectric 
oxide layer using HF vapor phase decomposition (VPD) 
method. To achieve low detection limits, a flow injection 
sample introduction is used to measure very small sample 
volumes. A multitude of trace metals are determined by 
this method, however, the study was focussed primarily on 
the six most critical elements in a semiconductor process- 
ing environment (A1, Cr, Cu, Fe, Ni, and Na). 

Experimental 
Sample preparation by HF vapor phase decomposition of 

an oxide layer.--Operating in a class 10 cleanroom envi- 
ronment, one or more wafers were loaded into a si~ecially 
constructed VPD box containing a reservoir with HF solu- 
tion. After a few minutes, the box was saturated with moist 
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Fig. 1. Schematic diagram of the collection of trace metals from a 
bare silicon wafer by HF vapor phase decomposition method. 
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Fig. 2. Schematic diagram of 
the setup for flow injection ICP- 
MS. 
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Fig. 3. The ICP-MS transient 
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HF vapor and the reaction with the silicon oxide layer was 
initiated (Fig. 1). The exposure time .of the wafers is de- 
pendent on the thickness of the oxide layer. Native oxides 
of 15-30 • thickness are decomposed completely in about 
20 min. However, decomposition time can range from 3 to 
12 h for thermal or CVD silicon oxide layers with thick- 
nesses of 2,000-10,000 A. The HF vapor reacts with the 
silicon oxide following the equation 

SiO2 + 6HF = H2SiF6 + 2H20 

This procedure was similar to that described by Shiraiwa 
e t  al. 11'~2 After the decomposition of the oxide layer, the 
silicon wafer surface becomes hydrophobic. A small drop 
of a dilute acid solution, (e.g., HF) was added to the wafer 
surface. The drop of acid was rolled carefully in a repro- 
ducible pattern throughout the wafer surface to ensure 
complete recovery of trace metals. After this step, the drop 
was removed by a pipette and transferred to a small sample 
tube for analysis by flow injection ICP-MS. 

To achieve low analysis blanks, each apparatus and piece 
of equipment used in the process was precleaned carefully 
before use. Ultrapure chemical reagents used in the process 
were analyzed and verified by ICP-MS to have concentra- 

tions of less than 0.5 ppb for every analyte. Ultrapure de- 
ionized water used for cleaning also was analyzed and 
verified by ICP-MS to contain less than 0.1 ppb for each 
analyte. 

I n s t r u m e n t a t i o n . - - T h e  instrument used in this study is a 
Perkin Elmer Sciex Elan 500 ICP-MS retrofitted with Elan 
5000 software. The sample introduction system is an HF 
resistant torch assembly with a cross-flow pneumatic neb- 
Ulizer. Recently, a CETAC 5000 ultrasonic nebulizer was 
installed to achieve better detection l~mit for most ele- 
ments, including Fe. Before this upgrade Fe was measured 
by GFAA, because of background interferences from ArO § 
signal. A Teflon injection valve was installed to enable the 
manual  injection of a small volume of sample. A schematic 
of the system is shown in Fig. 2. 

A Perkin Elmer AAS Model 2380 with a HGA 400 
graphite furnace attachment was used for comparison of 
concentration of some critical elements with ICP-MS re- 
suits. 

Concentration calibration of the ICP-MS and GFAAS 
was performed using multielement standard solutions pre- 
pared from NIST standards which contained the same acid 
concentration as the sample being analyzed. The concen- 
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Table II. Recovery of trace metals on 6-inch bare wafers by HF 
vapor-phase decomposition method. 

Surface concentration (x 101~ atom/cm 2) 

Recovery 
Wafer ID Spike Recovered Blank (%) 

Aluminum 
1 12.6 13.0 0.76 89 
2 23.5 23.0 4.1 90 
3 44.7 43.6 0.38 94 

Avg = 1.78 

Chromium 
1 6.54 6.44 <0.2 99 
2 12.2 11.0 <0.2 90 
3 23.2 22.8 <0.2 98 

Avg = <0.2 

Copper 
1 5.41 0.24 <0.1 4.4 
2 10.1 <0.2 <0.1 <2.0 
3 19.2 1.59 <0.1 8.3 

Avg = <0.1 

Nickel 
1 5.67 6.07 <0.1 107 
2 10.6 9.78 0.2 92 
3 20.1 20.1 <0.1 100 

Avg = <0.1 

Iron-by GFAAS 
1 10.8 12.0 - -  103 
2 22.1 25.8 0.6 113 
3 29.5 32.9 1.1 109 

Avg = 0.85 

Sodium 
1 17.9 21.2 1.90 87 
2 33.4 37.9 8.57 96 
3 63.5 67.7 6,60 98 

Avg = 5.69 

No. of measurement 
Fig. 4. Precision of data obtained by FI-ICP-MS for an 0.8 ppb 

standard and a 4.0 ppb standard over a 6-h period. 

t r a t ions  of t r ace  meta l s  in the  sample  solut ion were  con-  
ver ted  to a t om /cm 2 for  eva lua t ion  of bare  wafe r s  and  to 
pa r t s  pe r  mil l ion (~g/g) for  eva lua t ion  of a dielectr ic  oxide 
layer. 

Data acquisition.--Data f rom the  ICP-MS were  acqui red  
t h rough  the  g raph ic  mode  of the  E lan  5000 sof tware .  For  
each element ,  the  dwel l  t ime and  n u m b e r  of po in t s  meas -  
u red  pe r  mass  un i t  were  op t imized  in the  procedure .  The 
in jec t ion  f requency  for  one sample  for one to seven ele- 
men t s  was  set  at  2 min.  The t r ans i en t  ion signal  ob ta ined  
and  its da ta  in t eg ra t ion  is shown  schemat ica l ly  in  Fig. 3. 

Since the  s t a n d a r d  E lan  so f tware  d id  no t  suppor t  the 
eva lua t ion  of a t r ans i en t  signal,  a da ta  process ing  p rog ram 
was  wr i t t en  for  this  purpose  in QuickBasic.  Da ta  acqu i red  
f rom the  ICP-MS were  conver ted  into an ASCII  f o rma t  and  
eva lua ted  by th is  cus tomized  program.  The da ta  a r ray  was  
cut into t w o - m i n u t e  per iods ,  each of t hem rep resen t ing  one 
in jec ted  sample .  The s ignal  of each  e lement  t h e n  was  in te-  

g ra ted  b o t h  at the  peak  por t ion  and  at  the  base l ine  por t ion.  
The no rma l i zed  base l ine  in tegra l  (BA) was  s u b t r a c t e d  f rom 
the  peak  integral .  The base l ine  sub t r ac t ed  peak  area was  
the  analyt ica l  s ignal  (PA), w h i c h  was  l inear  to the  ana ly te  
concen t r a t ion  w i t h i n  the  work ing  range.  

Results and Discussion 
Precision of data obtained by ]low injection ICP-MS.--To 

evaluate  the  prec is ion  of the  resul ts  ob ta ined  b y f l o w  injec-  
t ion ICP-MS,  a s t an d a rd  so lu t ion  was  in jec ted  per iodica l ly  
over 6 h and  then  ana lyzed  for  four  e lements .  The e lements  
ana lyzed  were  Mg, Cr, Ni, and  Cu. Figure  4 shows the  da ta  
ob ta ined  for  a 0.8 and  a 4.0 p p b  s tandard .  The prec is ion  
ob ta ined  for  a 0.8 p p b  s t a n d a r d  was  _+15% and  for  a 4.0 
ppb  s t a n d a r d  solut ion was  _+8%. These concen t ra t ions  
were  chosen  because  they  r ep re sen t  the  actual  concen t r a -  
t ion ranges  of t race  meta ls  in  a solut ion o b t a i n ed  f rom a 
wafe r  af ter  the  VPD step. These concen t ra t ions  t r ans l a t e  to 
surface  concen t ra t ions  of about  101~ a t o m / c m  2 on a 
6- inch  wafer.  

Recovery of trace metals from bare silicon wafer.--To 
ver i fy  this  n e w  method ,  the  removal  of t race  meta l s  f rom a 
si l icon wafe r  sur face  mus t  be s h o w n  to be quan t i t a t ive  and  

Table I. Surface concentration of trace metals on 6-inch wafers by ICP-MS. 

Surface concentration (• 101~ atom/cm 2) 

Wafer ID A1 Cr Cu Ni Fe Na 

1 77 <0.2 <0.2 <0.2 <2 12 
2 76 0.7 <0.2 <0.2 <2 9 
3 83 <0.2 <0.2 <0.2 <2 10 
4 84 <0.2 1.5 <0.2 <2 9 
5 82 0.4 <0.2 <0.2 <2 15 
6 82 <0.2 <0.2 <0.2 <2 13 

Average 81 • 3 <0.2 <0.2 <0.2 <2 11 • 2 

B1 0.8 <0.2 <0.2 <0.2 - -  1.9 
B2 4.2 <0.2 <0.2 <0.2 <2 8.6 
B3 0.4 <0.2 <0.2 <0.2 <2 6.6 

Average 1.8 • 2.1 <0.2 <0.2 <0.2 <2 5.7 • 3.4 
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Table III. Detection limits of trace metals by VPD-FI-ICP-MS 
on 6-inch wafers. 

Table V. Comparison of trace metal concentrations in hydrogen 
peroxide solutions and on 6-inch bare wafers. 

Surface concentration (• 10 L~ atom/cm 2) 

Pneumatic Nebulizer Ultrasonic Nebulizer 

Optimized Optimized 
single single 

element Typical element Typical 
detection detection detection detection 

Elements limit limit limit limit 

Concentration hydrogen 
peroxide (ppb) 

Surface concentration 
(• 10 I~ atom/era ~) 

Element Sample A Sample B Wafer A Wafer B 

Aluminum A1 22 2.6 580 92 
Chromium Cr 3.3 0.1 <1 <1 
Iron Fe 6.7 <2 82 <5 
Nickel Ni 2.6 <0.1 1.2 0.9 
Sodium Na 10 2.3 12 14 

Aluminum Al 1.1 3 0.4 0.5 
Chromium Cr 0.1 0.3 0.1 0.3 
Cobalt Co 0.05 0.1 0.0033 0.009 
Iron Fe 12 2" 2 2 
Lead Pb 0.05 0.1 0.01 0.015 
Magnesium Mg b --~ 0.1 0.2 
Manganese Mn 0.1 0.2 0.03 0.05 
Nickel Ni 0.07 0.2 0.02 0.06 
Potassium K b b 4 4 
Sodium Na 1 5 0.4 1 
Vanadium V 0.02 0.05 0.03 0.08 
Zinc Zn 0.3 1 0.22 0.3 

a Measured by GFAA. 
b Not measured. 

reproducible. The verification method was to spike a silicon 
wafer with known amounts of trace metals and then to 
analyze the wafer using the described experimental proce- 
dure. Since wafers with known quantities of low level 
metallic concentrations were not available, this study was 
initiated with the measurement of a set of bare wafers for 
establishing baseline surface concentrations of metallic 
impurities and for determining a subtraction blank. 

In the experiment, a set of 6-inch bare wafers from the 
same lot was analyzed for six critical trace metals. The 
results obtained are shown in Table I; Cr, Cu, Ni, and Fe 
were not found above 2 • 101~ atom/cm ~ and for most 
wafers these elements were below their detection limits. In 
contrast, A1 and Na were found at much higher concentra- 
tions, which on average were 81 • 101~ atom/cm 2 and 11 x 
101~ atom/cm 2 respectively. 
To establish a subtraction blank, three of these wafers 

were randomly selected and analyzed again with a second 
VPD step for the same trace metals. The results obtained 
also are presented in Table I with these wafers relabelled as 
BI, B2, and B3. From the table, we see that the concentra- 
tion of A1 was reduced drastically to an average of less than 
2 • 101~ atom/cm 2. However, the Na concentration was not 
significantly different from its original level. This indicated 
a Na contamination at an average level of 6 • 10 TM atom/ 
em 2, suggesting that the detection limit for Na was limited 
by the sample preparation step. In contrast, the ICP-MS 
instrument detection limit for Na at 0.1 ppb suggests that it 
would be possible to measure Na down to 109 atom/era 2. 

Based on this experiment the wafers were considered rel- 
atively clean after performing only one VPD step. There- 
fore, the remaining wafers were used for evaluating the 
recovery of trace metals from the wafer surface using the 
VPD process. The recovery studies were initiated by spik- 
ing the samples. One method of spiking the wafers is to 
distribute and dry a known volume of a standard solution 

on the  wafer.  This m e t h o d  ensures  t ha t  an accura te ly  
k n o w n  amo u n t  of t race  meta l s  is depos i t ed  onto  the  si l icon 
wafe r  surface.  

Table II shows  the  recovery of six e lements  at  th ree  spike 
concent ra t ions .  The spike concen t ra t ions  vary  f rom 0.5 X 
1011 to 6 X 1011 a t o m/ cm ~. The pe rcen t  recovery  was  com-  
p u t e d  by sub t rac t ing  the  average  concen t ra t ion  f rom three  
b l ank  wafers  (B1, B2, and  B3 f rom Table I) f rom the  con-  
cen t ra t ion  of the sp iked  wafe r  and  then  dividing the  value 
by  the  actual  spike concent ra t ion .  Sub t r ac t ion  of the  aver-  
age b l ank  value was  s ignif icant  only for  Na. There was  good 
recovery (90 to 110%) for  t race  e lements  such as AI, Cr, Fe, 
Ni, and  Na at  all the  concen t ra t ions  s tudied.  

However,  for  Cu, the  recovery  w a s . p o o r  and  no t  r ep ro -  
ducible.  Previous  s tudies ,  e.g., Gupta  et al. TM also h a d  
shown  the  same phenomenon .  An exp l ana t i on  for  this is 
t ha t  s ince Cu was  more  e lect roposi t ive  t h a n  si l icon and  
hydrogen,  the  Cu ions were  readi ly  r educed  and  e lec t ro-  
p la t ed  as meta l  on the  si l icon surface.  Poor  Cu recovery 
there fore  wou ld  be expec ted  since Cu meta l  does no t  d is-  
solve in a di lute  HF solut ion easily. However,  80 to 90% of 
Cu can be r emoved  f rom the  surface  w i t h  a s t rong oxidiz ing 
chemical ,  as l a te r  s tudies  showed.  S imi la r  s tudies  showed  
80 to 100% recoveries  for t race  meta ls  such as Co, Ga, In, It, 
Mg, Mn, Rb, Ti, W, Zn, Sn, a n d  V. However,  poorer  recover-  
ies (<50%) were  observed for  Bi, Au, Hg, and  La us ing  the  
same sample  p r e p a r a t i o n  method.  

Detection limits.--The m e t h o d  de tec t ion  l imits  for  var i -  
ous t race  meta ls  on a 6- inch wafe r  by  ICP-MS are s h o w n  in 
Table III, us ing bo th  pneumat i c  and  u l t rasonic  nebulizer.  
The op t imized  de tec t ion  l imit  was  ob ta ined  by measu r ing  
only one e lement  per  one inject ion,  whe reas  the  typica l  de-  
tec t ion  l imit  was  ob ta ined  by ana lyz ing  five or six e lements  
per  sample  inject ion.  In general ,  the op t imized  de tec t ion  
l imits  were  lower  by  a fac tor  of 2 to 4 for most  e lements ,  
excep t  e lements  such as Fe and K, w h i c h  are af fec ted  by 
background interferences. For these elements, the longer 
integration time did not result in better detection limits. 
Both sets of detection limits were in the range of 10 8 to 
10 9 at0m/em 2 except for AI, Na, and Fe. The reasons for the 
higher detection limits for these elements were the pres- 
ence of traces of these metals in the ultrapure reagents and 
in the environment, and the use of an aluminum oxide in- 
jector tube for sample introduction. When the ultrasonic 
nebulizer is used to achieve better detection lih~its, it is 
even more important to minimize contamination from 
reagents and from the environment. 

A survey of metal contaminants on wafers from various 
sources.--Bare wafers.--Trace meta ls  on bare  wafe r s  f rom 

Table IV. Surface concentration of metal contaminants on bare silicon wafers from different sources. 

Surface concentration (X 10 ~~ atom/cm 2) 

F 
Source A B C D E (EPI) G H 

Aluminum 470 270 88 32 27 <5 8 20 
Sodium 22 10 54 43 28 <7 8 ] 0 
Chromium <1 <1 <1 <1 <1 <0.4 <0.4 <0.4 
Iron 58 16 15 5 2.8 <2 <5 <5 
Nickel 2.0 1.6 - -  - -  - -  <0.4 <0.4 <0.4 
Zinc - -  - -  <1 <1 <1 <1 <5 <5 
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Table VI. Typical concentration of metal contaminants in dielectric oxide films on silicon wafers from different sources. 

1109 

Concentration (ppm of oxide) 

E F 
Source A B C D (TEOS) (TEOS) 

Oxide thickness 3000 3000 3000 6000 2000 8000 

Aluminum 2.9 1.2 16 18 0.2 7.3 
Sodium <0.4 6.93 
Chromium 1.2 0.53 6.9 0.63 <0.02 
Iron 4.6 4.4 12 3.0 <0.2 0.76 
Nickel 2.3 0.68 4.5 0.56 <0.2 - -  
Copper 2.4 1.8 0,31 - -  - -  --  
Manganese -- -- -- O, ii - -  - -  

Cobalt -- -- -- 0.01 -- -- 
Magnesium . . . .  0.66 
Zinc . . . . .  0.18 
Zirconium . . . . .  0.02 

different sources were studied. The results obtained are 
listed in Table IV. The most common metal contaminants on 
bare wafers were A1, Fe, and Na. The lowest metal concen- 
tration was on an epitaxial silicon wafer which had its 
silicon layer deposited from a gas phase source. Epitaxial  
wafers are usually very clean since they are not exposed to 
wet processes. One major source of metal impurities is liq- 
uid processing chemicalsJ A1, Fe, and Na are typical con- 
taminants found in most chemicals. An example of the con- 
taminants found in a hydrogen peroxide solution used in a 
SC1 clean is shown in Table V. Two different grades of H202 
were evaluated. Trace metal concentrations in the H202 
samples were analyzed by ICP-MS and correlated with the 
surface metal concentration of wafers cleaned in each re- 
spective H202 bath. The data in Table V show that sample A 
had higher concentrations of trace metals than sample B. 
The A1 and Fe concentration on wafer A cleaned in H202 
sample A was 5 to l0 times higher than wafer B cleaned in 
H2Q sample B. The concentration of trace metals in both 
H202 samples was relatively low and yet the concentration 
caused a dramatic difference in wafer surface concentra- 
tion. Interestingly, no significant differences were observed 
for Na using the two H202 samples even though the Na 
concentrations were significantly different, suggesting that 
Na contamination was introduced by other sources. 

Dielectric oxide films on wafer.--For wafers with thermal 
or CVD oxide layers, the sample solution may contain a 
significant amount of silicon. The presence of a high con- 
centration of silicon causes background interference for 
certain elements and therefore must be eliminated from the 
solution. A solution containing a significant concentration 
of silicon and HF produces background molecular species 
such as SiO +, SiOH*, SiO~, SiF*, SiFL SiFt, ArSi*, SiOF*, 
SiOHF +, and SiOF~ in the argon plasma. Interferences from 
the background species can occur with Ca, Ti, Ni, Cu, Zn, 
and Rb. 

In contrast with dielectric oxide layers, the amount of 
silicon in the sample solution collected from a bare wafer 
was only 3 to 5 pro. The silicon at this concentration did not 
interfere significantly with the determination of trace 
metals of interest. 

Typical concentrations of metal contaminants in dielec- 
tric oxide layers are shown in Table VI. The metal concen- 
trations are presented in ppm and the thickness of each 
sample is provided also. Sample E is the cleanest oxide film 
that was generated from a TEOS source. Measurement of 
trace metals in these oxide layers is important because the 
results can be useful in solving practical process problems 
(e.g., changes in oxide breakdown voltages) and in the 
identification of contaminating sources. 

Conclusion 
A highly sensitive multielement analytical method, 

called vapor phase decomposition flow injection induc- 
tively coupled plasma-mass spectrometry (VPD-FI-ICP- 
MS) was developed and used to measure the concentration 
of trace metals on silicon wafer surfaces. 

ICP-MS is a sensitive technique for rapidly analyzing 
trace metals on silicon wafer surfaces. Sample preparation 
methods using HF vapor-phase decomposition and sample 
evaporation were developed to collect trace metals from 
different types of silicon wafer surfaces. Very small vol- 
umes of analyte solution were analyzed by flow injection 
ICP-MS. Detection limits are typically in the range of 198 to 
101~ atom/cm2. ICP-MS can serve as a reference technique 
for the calibration of surface analytical techniques, such as 
TXRF and SIMS in addition to offering an improved tech- 
nique for measuring trace metals accurately and repro- 
ducibly. 

Manuscript subfnitted Sept. 9, 1992; revised manuscript 
received Dec. 29, 1992. 
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