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Thin films (3.4 nm) of copper on germanium substrates were exposed to 2% alginic acid 
polysaccharide aqueous solution, Pre- and post-exposure characterization were clone by Auger 
electron spectroscopy and X-ray photoelectron spectroscopy. Ancillary graphite furnace atomic 
absorption spectroscopy was used to monitor the removal process of the copper thin film from the 
germanium substrate. Results indicate that some of the copper was oxidized by the alginic acid 
solution. Some of the copper was removed from the Cu/Ge interface and incorporated into the 
polymer matrix. Thus, biocorrosion of copper was exhibited by the alginic acid polysaccharide. 

1. |nn 'Gduefion 

W h e n  a sur face  becomes  exposed  to a non-s ter i le  e n v i r o n m e n t ,  a series o f  
chemica l  a n d  biological  events  can  occur ,  resu l t ing  in the  su r face  microbia l  
co loniza t ion  and  the p ropaga t i on  o f  microbia l  activit ies.  T h e  act ivi ty o f  
mic ro -o rgan i sms  on  surfaces  c an  be  beneficial  ( such  as  b iomin ing )  o r  deletcr i-  
ous  ( such  as b iofoul ing  and  biocorrosion) .  Biologically induced  cor ros ion  ha s  
been show n  to be  respons ib le  for  a s igni f icant  po r t ion  o f  ma te r i a l s  fai lure 

[1-41. 
In an  a t t e m p t  to gain  a bet ter  u n d e r s t a n d i n g  o f  the  biological  r eac l ions  tha t  

occur  on  sur faces  u n d e r  b iof i lms  and ,  pe rhaps ,  exploi t  microbia l  act ivi ty,  
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Fig. ]. Schematic of whole cell attached to surface. (Note: not to scale). The  glycocalyx is 
compAsed of long chains of  polysaccharldes that are formed by bacterial enzymes called 
polymer~es  (C-shaped structures). The polymera~es are affixed at or  near the cell surface. The  

whole cell uses this structure network to adhere to a nearby surface (e.g. copper thin film). 

investigators have directed their attention to the near-surface region (~m 
range of interaction) using Fourier transform infrared/attenuated total reflec- 
tion spectroscopy (FT-IR/ATR) [5-15]. rhis approach had led to the finding 
that bacterial e×opolysacchaddes which anchor the cells to surfaces (see fig. 1) 
also promote the destruction of the surface [16,17]. X-ray photoelectron 
spectroscopy (XPS) and Auger electron spectroscopy (AES) make it possible 
to examine such surface (rim range of interaction) phenomenon [18-20]. 

tn this work algJnic acid (a polymer p,~i:~acch2ride p:oduced by Kelp) 
interactions with copper were investigated with XPS and AES to further 
elucidate the-nature of the destruction of a cppe r  surface exposed to acidic 
polysacchandes. 

2. E×perimentzl 

2.1. Sample preparation 

The surface of the Ge discs (6 mm diameter by 1 mm thick) was polished 
using a sequence of 400 grit SiC paper, 600 grit SiC paper, 6 t~m diamond 
paste, 1 #m diamond paste, 0.3 tam alumina and 0.05/~m alumina. Polishing 
cloth was used with the diamond paste and alumina. All polishing materials 
were manufactured by Buehler. Thin films (3.4 nm) of copper were deposited 
on the germanium substrates and Pyrex microscope slides in an Enerjet Model 
UCV-18/6 magnetron sputtering system. Sub~rates were mounted on Teflon 
fixtures in the vacuum chamber. Target m a  als consisted of 99.999% pure 
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copper supplied by Kurt J. Lesker, Co. A pumpdown pressure of 2 × 10 -7 
Torr was achieved before sputtering. Neon working gas (99.99% pure from 
Matheson Gas Products) was introduced into the sputtering chamber at a 
pressure of 30 mTorr. The deposition rate was 0.12 nm s-1. A quartz crystal 
oscillator, manufactured by R.D. Mathis Co. was used to monitor the Cu thin 
film thickness while graphite furnace atomic absorption spectroscopy (GFAAS) 
was used for analysis of the Cu thickness on the substrates for system 
calibration. A shutter assembly was used to allow the target surface to be 
sputter cleaned before deposition. After two minutes of sputtering, the shutter 
was opened to allow deposition of the copper onto the substrates. Substrates 
were at. ambient temperature during sputtering. Auger maps with 200 nm 
lateral resolution (Cu LMM at 920 eV and Ge LMM at 1147 eV) were used to 
evaluate the uniformity of the copper thin film on the substrate. The films 
appeared to be continuous, void of island effects or porosity. 

Saturated polysaccharide suspensions were prepared from dehydrated pre- 
parations. Alginic acid (Sigma, A-7003) was prepared as a 2% w : v solution in 
18 M~2 nanopure (np) water (obtained from a Barnstead NANOpure  II water 
system), the pH adjusted to 7.0 with dilute HCi and NaOH, sterilized by 
filtering through a 0.45 /tm pore size membrane, dialyzed (to reduce cation 
concentration by diffusion through a semipermeable membrane) [21] against 
np water and frozen at - 7 0  ° C  for storage. 

Cu deposited Ge discs were placed into analytically clean (leached for 24 h 
in 10% HNO 3, rinsed with np water) vials. One m¢' (pipetted by Eppendorf 
pipet) of the polymer solution (np water was used as the control) were placed 
into the corresponding vial for copper /polymer  exposure (24 h duration) at 
ambient temperature. At the end of the exposure time period, the Oe discs 
were removed from the vials with analytically clean plastic hemostats, rinsed 
with np water to remove residual polymer solution (rinse was not placed into 
vials), excess wafer wicked off Ge discs via side using Kimwipes and dried 
with N 2 gas stream from LN 2 boiloff. The np water used to rinse the Ge discs 
was not added to the vials in order to minimize any Cu erosion contribution 
from the rinsing process. Within 30 man after disc removal, the Ge discs were 
placed in the sample introduction system of thc A E S / X P S  analysis system. 
Exposed polymer and water solutions were kept for subsequent GFAAS 
analysis.s 

2.2. X-ray ~ohotoelectron spectroscopy 

Qualitative and quantitative analyses of the Cu coated Ge substrates were 
done on a Perkln-Elmer Physical Electronics Model 548 XPS system which 
was equipped with a Model 04-151 M g K a  X-ray source. The source was 
equipped with an A! window, set at 40 mA of emission current and operated 
at 400 W of X-ray power. A double-pass cylindrical mirror analyzer was used 
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vdfi~ a cons~an'~ pass energy of 25 eV (2% resolution). Hi'oh resolution spectra 
w e r e  ca~:e.~ using muifipie ~ean, multipte~ed pulse height counting methods. 
Energy resolution was 5 points eV- i .  Chamber  pressure during analyses was 
< 5 × I0-  ~ T o m  The energy ~cale was calibrated by analyzing sputter-cleaned 
Cu (2p~,: at 93!.6 eV) and Au (4f7/2 at 84.0 eV) standards. Samples were 
monitored (in dectfical contact) on a 60 ° AI mount  (axis of analyzer was 
oriented at 30 ° with respect to sample surface normal). The mount  was 
installed on a 12 sample carousel. Sample e×posure to X-ray radiation was < 2 
h. The peak positions for the non-polymer exposed samples were referenced to 
~ e  C ls !i~e (284.6 eV). The peak positions for the polymer-exposed samples 
were r-'ferenced to the Ge 3d line (29.8 eV) since the C l s  line was complex due 
to ti,,e polymer [22]. No peak position corrections were needed. The XPS 
spectra were smoothed once using a three-point weighted average. 

To evaluate the possibility of X-ray or thermal (from X-ray source) induced 
oxidation changes of the Cu, anhydrous CuSO4 was exposed to X-ray radia- 
tion from the XPS analyzer for i l  h [23,24]. No noticeable changes in the 
Cu 2p and Auger lines were noted. 

After the XPS analyses the samples were moved, using a carousel manipula-  
tor to the opposite side of the vacuum chamber  for Auger depth  profile 
analysis. 

2.3, D e p t h  p r o f i l e  a n a l y s i s  

Depth profile analyses were done using a Perkin-Elmet PHI Model 590 
Scanning Auger Microprobe and Model 04-177 sputter  ion gun with argon 
gas. Instrumental parameters consisted of a 3.0 keV electron beam voltage, 200 
nA electron beam current, 1.4 x 10 -7 cm 2 rastered exposure area, 0.03 s t ime 
constant,  0.6% energy resolution, 4 eV peak-to-peak modulat ion and 3 eV s -  
scanning rate. Beam voltage was read direct. Derivative spectra were taken in 
the analog mode using a lock-in amplifier. A 1.0 keV, 25 /*A cm -2 current  
density Ar + beam was used to sputter the samples with a 5 m m x  5 mm raster 
incident at 60 ° with respect to the sample surface normal. CILamber pressure 
(back-filled with Ar) was 5 x 10 -5 Torr. A 3.4 nm thick copper thin film on 
germanium standard was used with each sample set. Sputteriqg rate was 0.65 
nm Cu rain-1. The spectral ranges (monitored while simultaneously sputter- 
ing) were 240 to 290 eV (for C KLL at 272 eV), 900 to 930 eV (for Cu L M M  at 
920 eV) and 1130 to 1160 eV (for G e L M M  at 1147 eV) [25]. Peak-to-peak 
heights were measured. Concentrat ions (at%) were determined a~d plotted 
versus thickness. The C v (crossover point) results were calculated by determin- 
ing the thickness were the half distance (0.5y where y equals the total distance 
between the maximum and minimum concentration) crosse:; the trace of the 
data (see fig. 2). 
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Fig. 2. Cv determination example for Auger depth profile analysis. The alginie acid Auger depth 
profile analysis data were used in this example. 

2.4. Graphite furnace atomic absorptio.~l spectroscopy 

The Cu thin films that were deposited on the microscope slides wer~ 
dissolved with concentrated HNO3. np water was used for rinsing. The 
resulting solutions were quantitatively transferred to 10 m~ volumetric flasks. 
Aliquots (0.020 mE) of solutions (diluted as required for the linear absorbance 
range) were pipetted (using an Eppendorf pipet) into the L'vo~' platform 
equipped Perkin-Elmer HGA-490 graphite furnace which wa~ ins,,dled in a 
Perkin-Elmer 703 atomic absorption spectrometer. The resuliin:g concentratic, n 
determinations were then used to calculate the Cu thin film thickness for the 
Ge substrates and quartz crystal oscillator response. The density of the Cu was 
assumed to be 8.93 g era-3. 

Due to matrix effects (light scatter from polymer smoke) exhibited by the 
polymer, an electrochemical separation technique was used to isolate the 
copper from the bulk of the polymer solution [26]. The polymer solutions were 
transferred to an analytically clean beaker, diluted to 80 m~ with np water 
and acidified with 0.50 m / o f  concentrated H2SO 4. Two analytically clean 
platinum electrodes were placed into the resulting solutions and a 2.6 V 
potential was applied across the electrodes using a JQE 0 - 6  V, 0 - | 0  A Kepco 
power supply. The Cu which was plated onto the Pt cathode electrode was 
dissolved off using 10% HNO 3. The resulting solutions were analyzed by 
GFAAS as above. Copper spiked controls (polymer solutions) ~ere used to 
evaluate the separation yields. The control data indicated 93% ~eparation 
yield. The resulting concentration determinations were then used ;o calculate 
the yield of Cu which was incorporated into the polymer solution from the Cu 
deposited upon the Ge substrates. 
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2,. R e * ~  aa~d d~scu:ssion 

S. L .V-ray p k o t c e [ e c t r o n  s p e c g r o s c o p y  

The  XPS b ind ing  and  kinetic energies  of  the  uncoa ted  Ge  disc, a metal l ic  
copper  reference, copper  reference c o m p o u n d s  and  samples  are s u m m a r i z e d  in 
tab!e I. Tile r e s ~ d n g  spect ra  are shown  in figs. 3 -5 .  

The  Cu ° was a s t anda rd  left inside of  the A E S / X P S  v a c u u m  c h a m b e r  for 
instrumentaR cal ibrat ion.  Prior to analysis ,  Ar  + spu t t e r ing  was used to r emove  
any  oxide layers. The  C u 2 p ~ / 2 . 3 / ,  b ind ing  and  L W  kinetic energy  (LVV 
refers to L~M4.yM4.5) pos i t ions  were 951.2, 931.4 and  919.4 eV, respectively.  

C u , ©  (A!fa Products} and  C u ©  ( Johnson  Mat they} powders  were m o u n t e d  
on ind ium foil and  used as reference s t andards .  The  C u 2 p l / 2  pos i t ions  were 
95 i .2  and  952.4 eV; the Cu2p3/2  were 931.4 and  932.0 eV; and  the C u L V V  
were 917.4 and  918.6 eV, respectively. The  C u 2 0  had  the character is t ic  A u g e r  
shif t  to ~ower energy while the C u O 2 p  showed  the character is t ic  shake -up  
s t ructure .  Th e  C u O L V V  disp layed  a shou lde r  at  917.4 eV. These  were in 
ag reement  with previous  l i terature f indings  [27-31].  

The  C u / a i r  s ample  had  3.4 n m  of  Cu  spu t t e red  u p o n  a Ge  disc wh ich  was  
exposed  to amb ien t  air for 5 rain. The  Cu2pl /~ .3/2  a n d  LVV pos i t ions  were 
951.2, 93 i .2  an d  919.2 eV, respectively.  D u e  to the s imilar i ty  o f  the  C u / a i r  
and  C u  °,  it was d e t e rmin ed  tha t  the th in  f i lm of  Cu  had  u n d e r g o n e  unde tec t a -  
hie oxida t ion  and  ~,as me 'aHic  in nature .  Kinet ic  inves t iga t ions  p e r f o r m e d  by  
Pinnel  et al. indicate  tha t  the  raie o f  copper  oxide  f i lm growth  at  a m b i e n t  
condi t ions  was < ]0  -4  n m / h  [32!. Thus ,  one  would  expect  negligible ox ida-  
tion. 

Table 1 
XPS photoelectron binding and Auger electron kinetic energies (eV) 

Sample Exposure Cu2p~/, ~) Cu 2p.~/, #) CuLVV h) Ge3d #) 
time (b) Auger 

Cu/AA ') 24.0 951.4 931.4 918.8 30.2 
Cu/,,vater 1.0 951.6 931.8 917.8 N.D. 
Ca/air 0.08 951.2 931.2 919.2 29.4 
CuO N.A. 952.4 932.0 918.6 N.A. 
Cu20 N.A. 951.2 931.4 917.4 N.A. 
Ge N.A. N.A. N.A. N.A. 29.8 
Cu o N.A. 951.2 931.4 919.4 N.A. 

~) Binding energy. 
b) Kinetic energy (LW refers to L3Ma.sM4.5). 
¢) Alginic acid. 
N.D. = Not detectable, 
N.A. = Not applicable, 
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Fig. 3. Cu2p photoelectron lines. Scaltn/~ factors are included (e.g. × lO). 
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The  C u / w a t e r  s ample  was  p repa red  in the  s a m e  m a n n e r  as the  C u / a i r  
s amp le  a n d  exposed  to n p  water  for  1 h. T h e  Cu2p~/z3/2 a n d  LVV pos i t ions  
were 951.6, 931.8 and  917.8 eV, respectively.  D u e  to the  s imi lar i ty  o f  the  

I0 Copper LW Auger 

~ cuo 

905 9 t 5 925 
KINETIC ENERGY (eV) 

Fig. 4. Cu L]M4,sMa. ~ Auger electron tines. Scaling factors are included (e.g. × 5). 
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Fig. 5. Ge3d photoelectron lines. Scaling factors are included (e.g. x40). 

Cu /wa te r  and Cu 2 ° spectra, "t appears that  the Cu had oxidized to a + 1 
oxidation state. One would expect some oxidation since the total oxygen 
concentrat ion in ambient  water is approximately 3000 times larger than in 
ambient  air (ratio based on 56 M oxygen in water and 17 mM oxygen in air), 
thus resulting in a greater interaction ~robability. 

The Cu thin films on the Ge substrates were prepared in the same manner  
as the Cu /a J r  sample and then exposed to alginic acid polysaccharide solution 
for 24 h. The Cu 2p showed no shake-up structure while the Cu L W  peak was 
broadened and shifted down in kinetic energy with respect to Cu °. The Cu 
appears to have + 1 and zero oxidation state character over the escape depth. 

Since the intensity of the Ge 3d substrate signal would be expressed as 
follows: 

i ,  = / o  exp( - d A C  ),  (1) 

where I B is the intensity of the Ge substrate with a thin ozerlayer, lO is t:,e 
intensity of pure Oe, dA is the thickness of the Cu thin film and constant  C is 
equal to (cos O ) / ~ A ( E B )  (0 iS the angle between the surface normal and  
detector and %A(EB) iS the inelastic mean free path of the G e 3 d  photoelee- 
trons through the Cu thin film), quantitative evaluation of the Cu removal by 
the polymers could be done by determining the relative G e 3 d  peak heights 
from fig. 5. d A (air exposed) was calculated to be 2.7 nm by using the 
following expression: 

hA( E n) = 0.41akSE °'5 (2) 



J.G. Jolley et aL / Biocorrosion of copper by alginic acid pob,saccharide 477 

0 I 2 3 4, 5 6 ? 

DEPTH (nm) 
Fig. 6. Auger sputter depth profiles. Atomic percent concentrations were plolted as a function of 

depth. 

(where aA is the atomic size of Cu (0.361 nm) and E a is the binding energy of 
the Ge photoelectron (29.8 eV for the Ge 3d)) to determine the approximate 
inelastic mean free pa~:h, setting I ° and 1 a to equal 1.51 × 103 and 13.2 
relative XPS counts for the peak heights, respectively and setting 0 to equal 
30 ° [33,34]. d A (alginie acid exposed) was calculated to be 1.1 nm by setting 
I a to equal 2.07 × 102 relative XPS counts for the peak height. The data 
indicate that 58% of the copper had been removed by the alginic acid solution. 

3,2. Auger depth profile 

The sputter depth profiles are shown in fig. 6. The Cu /a i r  sample was used 
for the C u / G e  depth profile. The Cu, C and Ge maximum concentration 
(at%) values were 85%, 15% and 100%, respectively. The Ge started at a 
minimum of 0%. The Cp values were 1.6, 1.9 and 1.6 nm, respectively. 

The Cu/alginic acid sample (24 h exposure) was used for the alginic 
a c i d / C u / G e  depth profile. The Cu, C and Ge maximum concentrath ~n (at%) 
values were 27%, 33% and 100%, respectively. The Ge started at a minimum of 
49%. The Cp values were 2.2, 0.4 and 1.6 rim. r,'spectively. The data indicated 
that 68% of the Cu thin film had been removed by the polyraer solution prior 
to analysis. FT-IR/CIR/ATR investigations performed by 3olley el al. indi- 
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T.~b!e 2 
Graphite furnace a~omic absorption spectroscopy yield 

Sa~p~e Exposure Percent Cu 
time (h) remaved 

CufiAA ~ 24 41 
,-u/water 262 < 0.l 

~ A~gmic acid. 

coted that 64% of the Cu thin film had been removed by the polymer solution 
DSL 

3.3. Grapkite furnace  atomic absorption spectroscopy 

The quantitative evaluations by GFAAS of the removal of Cu for the water 
and polymer solutions are summarized in table 2. Less than 0.1% of the total 
available Cu was removed f rom the substrate and solubilized into the water 
during 262 h of exposure to np water. This result indicated that  the Cu thin 
film was relatively stable while being exposed to np water. 

Of the total Cu available, 41% was removed by the alginic acid solution 
from the substrate and incorporated into the solution. One would expect to 
find that the above value is low (as compared to the true bulk concentrat ion)  
since the disc rinse was not  analyzed. The concentrat ion of removed Cu would 
be expected to be higher at the near-surface d i s c / C u  thin film region than in 
the bulk. Thus a significant Cu contribution may have been not accounted for. 
Nevertheless, the GFAAS data indicate the same general trends as the XPS 
and AES depth profile determinations which was the purpose of the G F A A S  
analysis. The polymer solution was thus able to remove a fairly large amount  
of the deposited Cu. 

4. Summary 

The XPS, AES depth profile and GFAAS data indicate that  the 2% w : v  
alginic acid polysaccharlde solution was able to oxidize some of the Cu thin 
film to a + 1 oxidation state and also remove some of the Cu from the 
substrate and incorporate it into the solution. Thus, biocorrosion of copper 
was exhibited by alginic acid. 
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