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Effect of Temperature on Rectifying Schottky
Barriers Formed from Fingerprint Sweat

Corrosion of Brass

ABSTRACT: Corrosive electrochemical processes of brass, including those resulting from fingerprint sweat, continue to be studied because of
the widespread industrial use of brass. Here, we examine how increased temperature affects the relative abundance of fingerprint sweat corrosion
products and the rectifying Schottky barrier formed between p-type copper (I) oxide corrosion and brass. X-ray photoelectron spectroscopy confirms
increasing dezincification with increasing temperature. This leads to n-type zinc oxide replacing copper (I) oxide as the dominant corrosion product,
which then forms a rectifying Schottky barrier with the brass, instead of copper oxide, when the temperature reaches c¢. 600°C. Using X-ray diffrac-
tion, resulting diodes show polycrystalline oxides embedded in amorphous oxidation products that have a lower relative abundance than the diode
forming oxide. Conventional current/voltage (I/V) characteristics of these diodes show good rectifying qualities. At temperatures between ¢. 100 and
¢. 600°C, when neither oxide dominates, the semiconductor/brass contact displays an absence of rectification.
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Brass attracts widespread use in a range of industries because of
its favorable thermal and mechanical properties, and, as a conse-
quence, corrosive electrochemical processes of brass continue to be
studied (1-5). Recent research has shown how fingerprint patterns
deposited as sweat on brass shell casings can be visualized as a
result of an electrochemical reaction between the sweat and brass
(6-8). This reaction can lead to the formation of a rectifying
Schottky barrier contact between p-type copper (I) oxide corrosion
formed on the surface of the brass and the brass substrate (9).
When this occurs, a positive potential (V) applied to the brass sub-
strate has been shown to vary exponentially with that measured on
an area of fingerprint sweat corrosion, with a potential difference
(AV) of up to ¢. 10V for V = 1400V (9). With AV of this magni-
tude, a fine carbon powder (particle size c¢. 10 um) introduced to
the brass has been found to adhere preferentially to the areas of
corrosion, thus enabling the fingerprint to be visualized (8). Such
visualization has been achieved even after the sweat deposit has
been removed from the brass (10). Thus, rectifying Schottky
barrier formation and the application of a positive V to the
brass substrate is thought to be indicative of yielding AV of
sufficient magnitude to enable fingerprint sweat corrosion to be
visualized (11).

A rectifying Schottky barrier of this type (metal to p-type semi-
conductor) requires the work function of the metal (Qps) to be
less than the work function of the semiconductor (¢,.) (12). The
work function of a solid (¢) is defined as the minimum energy
required to remove an electron from the Fermi-level energy of the
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solid (Eg) to the vacuum-level energy. Figure 1a shows a schematic
representation of an energy-level diagram for a metal (metal “A”)
and a p-type semiconductor in which the work function of the
metal (@prss) 1S less than the semiconductor (@g.). As this is an
energy-level diagram, work functions are shown as energies (multi-
plied by ¢, the electronic charge), rather than as potentials. As
QPorass < Pso» the Fermi-level energy of the metal (Epgpyrass) 1S
greater than the semiconductor (Eg.). For the semiconductor, the
electron valence band (E,) and conduction band (E.) energy levels
are also shown. In Fig. 15, the metal and semiconductor have been
brought into contact resulting in electron flow from the metal to
the semiconductor as @ < @sc. Electron flow continues until
the Fermi levels in both materials are aligned and Eggpyrass) = Efs-c)-
The electric field generated by this electron flow acts to oppose
further movement of charge, a situation known as thermal equilib-
rium. This electron flow and Fermi-level alignment result in a
bending of the semiconductor conduction and valence bands
upward as shown and a depletion of the concentration of majority
carrier holes in the vicinity of the metal-semiconductor junction.
This majority carrier depletion extends a distance W into the semi-
conductor as shown in Fig. 1. The net result is the creation of a
potential barrier (¢;,) that must be overcome by the majority carrier
holes for a conduction current to flow between the metal and semi-
conductor. A positive or negative bias potential applied to the semi-
conductor (with respect to the metal) has the effect of either
lowering or raising the potential barrier, thereby giving rise to a
practical application of a rectifying Schottky barrier, namely a
Schottky barrier diode. Figure 1c¢ shows a schematic representation
of a Schottky barrier diode forward (or positive) biased in an elec-
trical circuit and formed with a rectifying Schottky barrier between
a metal (metal “A”) and a p-type semiconductor. Electrical contact
is made to the other end of the semiconductor with a metal (metal
“B”) that has a work function greater than the semiconductor,
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FIG. 1—Schematic representation of the energy level diagram for a metal

and p-type semiconductor in which the work function of the metal is less
than the work function of the semiconductor. (a) shows the two materials
separated and (b) in contact with a resulting bending of the semiconductor
energy bands. W represents the width of the majority carrier depletion in
the semiconductor and q®b the energy of the potential barrier. (c) shows a
schematic representation of a Schottky barrier diode formed from a metal
and p-type semiconductor and forward biased.

thereby giving rise to an ohmic contact rather than a rectifying
contact.

An analogous situation may be described in which the semicon-
ductor is n-type. In this case, a rectifying Schottky barrier is formed
between the metal and n-type semiconductor when @pss > @s.c
with the semiconductor conduction and valence bands bending
downward and a depletion of the concentration of majority carrier
electrons in the vicinity of the metal-semiconductor junction.
Clearly, the polarity of the applied bias potential necessary to lower
the barrier potential (¢y,) is the opposite to that required for a metal
to p-type semiconductor (12).

Lately, we have shown that when zinc oxide dominates the cor-
rosion product, fingerprint sweat corrosion can be visualized using
the carbon powder described previously, but with a negative (rather
than a positive) V. We postulated that this might be as a result of
the formation of an n-type zinc oxide/brass rectifying Schottky bar-
rier contact (12,13).

Complementing research on saline (1,3-5) and elevated tempera-
ture corrosion of brass (14), in this technical note, we examine
how increased temperature affects the relative abundance of finger-
print sweat corrosion products and rectifying contact formation.
Such studies are of importance to those engaged in researching the
recovery of fingerprints from brass shell casings (15) or arson

crime scenes (16). Also, corrosion of brass by fingerprint sweat has
relevance to the control of the surface properties of brass (17).

Materials and Methods

Forty donors each deposited fingerprint sweat onto 1-mm-thick
25-mm-diameter o-phase brass disks (68Cu-32Zn by percentage
weight) such that each donor provided a deposit on five disks
(9,11,18). The technique for measuring rectifying characteristics has
been described previously (11) with, briefly, electrical contact being
made with corroded areas of a disk by means of a platinum probe
formed into a tip c¢. 55 pm diameter (9,11). Platinum was selected
as it forms an ohmic contact with copper (I) oxide (9,11). Ten days
after deposition, one disk from each donor was washed in a 0.5-L
solution of warm water containing a few drops of commercial
detergent and rubbed vigorously with a nonabrasive cloth. This
washing regime has been shown to remove effectively the finger-
print deposit (but not the corrosion) from the surface of the brass
disk (18). Conventional forward bias current/voltage (I/V) mea-
surements were then taken for these disks and the goodness of fit
of I/V to the diode equation (12).

I = AA™T? exp(—q¢y /kT)[exp(qV /nkT) — 1)) (1)

assessed by means of a least squares regression analysis (19)
for 0.4V <V <0.55V. In Eq. (1), A represents the electrically
active contact area, A** the effective Richardson constant, T
the temperature, k& is Boltzmann’s constant, and # the ideality
factor. The goodness of fit indicator (Rz) is defined as
0<R*<1 with R*=1 indicating a perfect fit between
observed and estimated values (19). The range of V was
selected to maximize R>. An assessment of the goodness of fit
of each disk to the diode equation was necessary to identify
those disks where the metal/corrosion product interface dis-
played a rectifying Schottky barrier. Measuring the I/V charac-
teristics of the metal/corrosion product has been used
previously as a means of identifying the presence of a rectifying
Schottky barrier (9).

Results and Discussion

Following these measurements, only disks giving a statistically
significant R (p < 0.001) were considered for further analysis. This
left the five disks from just two of the 40 donors with the exam-
ined disk from each donor having R* = 0.99. Of these five disks
from each donor, one was taken as an ambient temperature sample,
referred to subsequently as Al (donor 1) and A2 (donor 2). The
remaining four disks from each donor were heated over a Bunsen
flame to 100, 200, 400, or 600°C and then washed as described
earlier (18). This temperature range encompassed that used by other
workers examining the effect of heating brass or copper (14,17,20)
and is also consistent with what might be encountered in an arson
crime scene (16,21). These eight heated disks are referred to subse-
quently as B1, B2 (100°C), C1, C2 (200°C), D1, D2 (400°C), and
El, E2 (600°C). Figure 2 shows the fingerprint corrosion pattern
obtained from heated samples B1-E1.

Conventional I/V characteristics of all 10 disks were then mea-
sured with the platinum probe. Only Al and A2 showed a rectify-
ing contact with the other eight (heated) disks displaying an
absence of rectification. The platinum probe was then replaced with
a zinc probe and the I/V measurements repeated on all 10 disks.
Zinc was selected as it forms an ohmic contact with n-type zinc
oxide (22). Only El and E2 gave I/V characteristics consistent
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FIG. 2—Disks (a) B1, (b) C1, (c) DI, and (d) EI following heating to 100°C, 200°C, 400°C, and 600°C, respectively and washing.
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FIG. 3—Conventional current/voltage plot for (a) Al (ambient temperature) and platinum probe, (b) E1 (previously heated to 600°C) and zinc probe, and
(c) BI (previously heated to 100°C) and either zinc or platinum probe.

with a rectifying contact, other disks displaying an absence of recti- rectification is identified by the current (I) flowing across the bar-
fication. I’V plots for Al, BI, and E1 are shown in Fig. 3. Bl is rier being orders of magnitude different for each polarity of V. This
included as a typical example of the absence of rectification, which can be seen clearly for Fig. 3a,b where V < 0 gives a current of
has been observed widely for copper (I) oxide thin films deposited uA compared with V >0, which gives a current of mA. For
by electrochemical oxidation of the substrate (23-25). In Fig. 3, Fig. 3c, the current for both polarities of V is mA. This absence of
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rectification has been ascribed to the formation of a thin insulating
layer during the initial substrate—electrolyte interaction (23-25), the
resulting diodes having 1/V characteristics similar to metal-insula-
tor-semiconductor tunnel diodes (12).

The surface corrosion of all 10 disks was examined by means of
X-ray photoelectron spectroscopy (XPS), using a VG ESCALab
200d spectrometer (VG Scienta, Hastings, U.K.). Individual high-
resolution spectra were taken at a pass energy of 50eV and an
energy step of 0.05eV.

Figure 4 shows detailed Cu 2ps,, spectra for A1-E1. The main
peaks for Al and B1 are characteristic of both metallic copper and
copper (I) oxide (25,26). Cu(Ill) is characterized by a broader
shake-up satellite c. 9eV higher than the Cu 2p;,, peak (27,28),
which is most evident for C1-El.

The Cu 2p;,, peaks were de-convoluted using standard Gauss-
ian/Lorentzian functions (29), with the C1-E1 peaks indicating the
presence of Cu(Il). The Cu(II) component best matched copper (II)
hydroxide for C1 and copper (II) oxide for D1 and E1.

A1-C1 gave an auger peak confirming the presence of copper
(I) oxide (30), while A1-El gave an auger peak confirming the
presence of zinc oxide (4). The Zn:Cu ratios for A1-El1 were
1:3.13, 1:1.92, 1:1.7, 1:1.36, and 1:0.78, respectively.

As disk temperature increased, so did both the oxidation state of
copper and the surface concentration of zinc. The results for copper
are consistent with previous results for heating o-phase brass (14)
and copper (I) oxide thin films (20,27). Copper (II) hydroxide (C1)
is likely formed during the initial electrochemical de-alloying with
elevated temperatures for D1 and El dehydrating it to copper (II)
oxide (31). XPS Ols spectra (not shown) showed a higher binding
energy shoulder above the main Ols peak, which reduced as the
disk temperature increased. This is consistent with surface hydrox-
ide dehydrating to oxide (4).

An increase in the surface concentration of zinc above the bulk
concentration during de-alloying is well documented (1,4) and is
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FIG. 4—X-ray photoelectron spectroscopy detail spectra for AI-E1 show-
ing the Cu 2p3/2 peak and higher binding energy shakeup satellite.

known as dezincification of brass, which is accelerated at elevated
temperatures (14,32).

The crystalline quality of the oxide corrosion was then assessed
by means of X-ray diffraction (XRD), using a Siemens D5000 dif-
fractometer with a 0-20 configuration (Bruker, Coventry, U.K.).
XRD patterns with 10° < 20 < 70° and a 6° glancing angle (33,34)
revealed that Al, A2, E1, and E2 exhibit a polycrystalline structure.
Figure 5 shows the XRD pattern for Al and E1.

Al shows polycrystalline copper (I) oxide with a (111) preferred
orientation (20 = 36.6°), as has been observed previously for elec-
trodeposited copper (I) oxide films (23,35). E1 shows polycrystal-
line zinc oxide with a (002) preferred orientation (20 = 34.4°) and
this has been observed previously for both electrodeposited zinc
oxide films (35) and oxidation of a-phase brass (36). E1 also shows
weak copper (II) oxide XRD peaks (20 = 35°, 55.4°), observed pre-
viously for copper (II) oxide thin films (33). The XRD spectrum
for E1 confirms the presence of both copper (II) oxide and zinc
oxide.

Depth profiling of Al, B1, and E1 was then undertaken by sput-
tering with an Ar" ion beam (1 KeV) in combination with XPS
and Auger electron spectroscopy. The sputtering rate was
1 nm/min. Figure 6 shows the Cu/Zn ratio as a function of sput-
tering depth (d). Al for d <50 nm and Bl for d < 55 nm best
matched copper (I) oxide and zinc oxide, while E1 for d < 95 nm
best matched copper (II) oxide and zinc oxide. Above these values
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FIG. 5—X-ray diffraction spectra for Al and EI.
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FIG. 6—X-ray photoelectron spectroscopy depth profiles for Al, Bl,
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of d, all three disks best matched metallic copper and zinc. Oxide
films of this thickness are consistent with those reported for electro-
chemical de-alloying of o-phase brass in aqueous saline (4).

Figure 3 may now be explained with reference to the XPS,
XRD, and depth profile data. We have shown previously that a rec-
tifying contact occurs when copper (I) oxide is abundant and
Zn:Cu = 1:>3 (9). Clearly, when zinc oxide is abundant (El), a
rectifying contact is also observed but with a zinc (rather than plati-
num) probe. Thus, a rectifying contact may form between zinc
oxide or copper (I) oxide and brass (12), the relative surface abun-
dance of each oxide determining whether a rectifying contact is
formed. The work function of the probe determines whether a recti-
fying contact is observed experimentally.

When neither oxide dominates (B1-D1), there is an absence of
rectification. The depth profile for B1 shows a lack of any insulat-
ing layer between the surface semiconductor and bulk metal that,
as described previously, would account for this (23-25). Instead,
we propose the relative abundance of copper (I) and zinc oxides as
the reason for the absence of rectification. For El, the occurrence
of an insulating copper (II) oxide layer between the surface zinc
oxide and bulk metal did not affect the rectifying I/V characteris-
tics. The effect that an insulating layer has on I/V characteristics is
determined by the metal-insulator barrier height (¢, and the
thickness of the insulating layer (¢) (12), with little effect for ¢,; <
c. 3¢V and t<c. 3nm (12). For El, ¢ c. 0.53eV (11) and
t<5nm.

Conclusion

Through a comparison of elevated temperature fingerprint sweat
corrosion of o-phase brass by 40 different individuals, we have
demonstrated that the oxidation state of copper and surface con-
centration of zinc both increase with increased temperature. Sur-
face concentrations of zinc greater than those expected for
un-corroded brass (Zn:Cu = 1:<2.2) are indicative of dezincifica-
tion of the brass (32). With sufficient dezincification, n-type zinc
oxide replaces p-type copper (I) oxide as the dominant corrosion
product and this leads to the formation of a zinc oxide/brass rec-
tifying Schottky barrier contact. Such a contact would be expected
to enable fingerprint visualization provided a negative potential
was applied to the brass as the polarity of a zinc oxide/brass
diode is opposite to that of a copper (I) oxide/brass diode
(because of zinc oxide and copper [I] oxide having different con-
ductivity types [12]). When neither oxide dominates, there is a
“mixed” zinc and copper corrosion product and an absence of
rectification. In this case, any adherence of carbon powder to the
areas of corrosion is likely to arise from the topography of the
corrosion product. In addition to visualizing fingerprint sweat cor-
rosion when copper (I) or zinc oxide corrosion dominates the sur-
face of brass, rectifying Schottky barrier formation might also be
used as a novel means of monitoring the relative abundance of
brass corrosion products.
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