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Abstract

An ultraviolet visible (UV-Vis) spectroscopy method was developed that can quantitatively characterize a technical copper
surface to determine oxide layers and organic impurities. The oxide layers were produced by a heating step at 175 °C for
four different times (range = [—-10min). Partial least squares (PLS) regression was used to establish a relation between
the UV-Vis spectra and film thickness measurements using Auger electron spectroscopy depth profiles. The validation
accuracy of the regression is in the range of approximately 2.3 nm. The prediction model allowed obtaining an estimation
of the oxide layer thickness with an absolute error of 2.9 nm. Alternatively, already known methods cannot be used
because of the high roughness of the technical copper surfaces. An integrating sphere is used to measure the diffuse

reflectance of these surfaces, providing an average over all angles of illumination and observation.
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Introduction

The potentially high volumes and extreme performance
demands of the hybrid and electric automotive market
will strongly influence the packaging of power modules.
Over the past several years, conventional packaging in an
aluminum box was replaced with direct packaging with
an epoxide mold compound. The reliability of direct packa-
ging relies on adhesion between the copper leadframe and
the packaging material. In turn, the adhesiveness of the
epoxy polymer is correlated with the oxidation time of
the copper leadframes. Adhesion increases until the oxide
layer reaches a critical thickness.'™ However, the duration
of oxidation is set to produce an oxide layer with a thick-
ness considerably lower than the critical value given
the difficulty in measuring the oxide-layer thickness
during oxidation.

The oxidation of copper has been the focus of exten-
sive research over the past several years. In addition to
the formation and thickness of native oxide Ia)/ers,"’_8 the
kinetics of the oxidation of copper at different tempera-
tures has been investigated. Studies based on the oxida-
tion of crystals well describe the kinetics of oxidation in

the temperature range of 25-350°C.”"'2 The kinetics of
copper oxidation at higher temperatures is more often
investigated using film samples at temperatures as high
as 1200°C.'*'® In addition to kinetics, the influence of
oxidation on adhesion has been frequently investigated in
recent years.'g_22

Standard techniques such as X-ray photoelectron
spectroscopy, Auger electron spectroscopy (AES), and
time-of-flight secondary ion mass spectrometry (TOF-
SIMS) cannot be used to measure the oxide-layer thickness
during the manufacturing process because of the required
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ultra-high vacuum and limited dimensions of the samples.
Moreover, the extreme roughness of technical surfaces
limits the application of certain measurement techniques,
such as interferometry, sequential electrochemical reduc-
tion analysis, and infrared reflection 'cechniques.23726

Ultraviolet visible (UV-Vis) diffuse reflection methods
represent a potential rapid online approach to measuring
oxide-layer thickness. This technique can reveal transitions
of Cup0 and CuO in the UV range corresponding to visi-
ble-range color changes of the substrate during oxidation.
These effects can be attributed to light interference. Light is
refracted if it penetrates a thin film such as a copper oxide
film. Reflection, which is dependent on film thickness, can
then be calculated with the common Fresnel equations with
the refractive index of the first layer; n; and the second
layer, n,, and the angle of the incident light, ®. The fraction
of the incident power reflected at the interface is given by
the reflectance R and can be calculated with the following
equations.27

The reflectance for s-polarized light is given by
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whereas the reflectance for p-polarized light is given by
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If the incident light is unpolarized, the reflectance is
1

When light makes multiple reflections between two or
more parallel surfaces, the multiple beams of light generally
interfere with one another, resulting in net transmission
and reflection amplitudes that depend on the light’s wave-
length. The interference, however, is observed only when
the surfaces are at distances comparable to or smaller than
the light’s coherence length, which, for ordinary white light
is a few micrometers

In the present work, the thicknesses of oxide layers
are quantified through multivariate data analysis. Auger
electron spectroscopy depth profiles are used to con-
struct a partial least squares (PLS) regression model
for the measurement of oxide-layer thicknesses.
The results are then correlated with those obtained
through other techniques.

Applied Spectroscopy 73(1)

Materials and Experimental Procedure
Sample Preparation

Oxygen-free extra low phosphorus Cu (Cu-PHC)
samples (Wieland-Werke AG; Wieland-K 14; Cu > 99.95%;
P ~ 0.003%) with dimensions of 2.1 x 4.9 x 0.3cm were
used. The samples were cleaned with Zestron Vigon
A 200 for 6min, rinsed twice with deionized water for
2 min, and dried under N, gas. Oxidation was performed
on a heating plate (Gerhardt Bonn H-22) at 175°C for 0,
I, 2, 5 or 10min in air under atmospheric pressure.
The temperature was monitored with a testo 735-type
| 8-temperature probe. These parameters are representative
of those used during the actual device fabrication process.

Surface Treatments

The surfaces of the samples were milled with a Mapal
DMG-DMC650V equipped with a HSKé63 spindle.
The milling head had a diameter of @100mm and 14
blades. The cutting speed was set to 1000 m/min at a
feed rate of 4660 mm/min.

Methods

Roughness Measurements. Roughness measurements were
performed with a CyberScan Vantage 2 (Cybertechnologies)
equipped with a P-CHR-600 probe. Surface scanning param-
eters were set to 2000 x 2000 pm with a step width of 5 um.

Scanning  Electron ~ Microscopy ~ Energy-Dispersive  X-ray
Spectroscopy. Energy-dispersive X-ray spectroscopy (EDX)
measurements were conducted on a HITACHI SU8030
field-emission scanning electron microscope. The EDX
spectra were acquired at an accelerating voltage of 5 kV.

Raman Spectroscopy. Oxidized samples were analyzed by
Raman spectroscopy using a confocal Raman spectrometer
(LabRam HR800) equipped with a BX 4| microscope (Horiba
Jobin Yvon). A long-distance lens with 50x magnification and a
numerical aperture of 0.75 were used. Spectra were recorded
in backscattering geometry using a frequency-doubled neody-
mium-doped yttrium aluminum garnet (Nd:YAG) laser (30
mW) with an excitation wavelength of 532 nm.

Auger Electron Spectroscopy. Auger measurements were per-
formed using Perkin Elmer PHI-600 equipped with Perkin
Elmer 04-303 differential ion gun. Instrumental parameters
consisted of a 3.0 keV electron beam voltage and a 1.3 elec-
tron beam current. Sputtering was conducted with Ar"
ions at 3.35keV and 8 1A on an area of 0.1 cm? incident
to 30° with respect to the sample surface normal.
The chamber pressure was 3.0 x 108 mbar. Calibration
was conducted with an Si/SiO, standard and an Si wafer
with an evaporated Cu film.
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Ultraviolet Visible Spectroscopy. The UV—Vis spectra were
collected using an Ocean Optics Flame-S-UV/VIS-ES spec-
trophotometer equipped with a DH-2000-BAL light source
and an ISP-30-6 integrating sphere. Sample absorption
was measured in the wavelength range of 200-800 nm.
The SCOUT 98 software was used to simulate spectra.
Required values were taken directly from the software
and cross-referenced with experimental values reported
by Karlsson et al.?!

Software  for  Multivariate  Analysis. The Unscrambler
X version 10.4.45271.25 from Camo Software with NIPALS
algorithm was used to calculate the PLS. Systematic cross
validation (123123, with 20 segments) was conducted.

Results and Discussion

Oxidized Cu samples were investigated using UV-Vis dif-
fuse reflectance spectroscopy. Spectra are shown for differ-
ent steps of the oxidation process in Fig. la. The initial
spectrum representing Cu with a native oxide film is similar
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to those reported in the literature.”* 3% A band at 350 nm
arises with increasing oxide-layer thickness. Additionally, a
band at 580 nm becomes visible in the spectra recorded
from samples with the highest oxide-layer thicknesses.
These two bands have different origins. The band at
350nm is due to thin-film interferences, which arise from
the changes in the refractive index from air to copper oxide
and to copper.

Spectra were simulated for comparison with experimen-
tal data. The refractive indices of copper oxides have been
provided by Karlsson et al.?' that of bare copper by
Johnson et al..*' and that of air by Ciddor.*?

First, the reflectance due to the interfaces, air/oxide/
metal, was calculated using Eqgs. | and 2. The Fresnel equa-
tions were used to calculate transmission, which is depend-
ent on layer thickness.?’ The SCOUT 98 software®® was
used to simulate the spectra corresponding to different
oxides and different incidence angles. Results of the simu-
lations for CuO and Cu,O films are shown in Fig. 1b—d.

The experimental and theoretical spectra of oxide layers
with low thicknesses (I | nm) are in rather good agreement,
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Figure 1. (a) Ultraviolet visible diffuse reflectance spectra of samples oxidized for different durations; comparison of the experimental
and simulated UV—Vis absorbance spectra acquired at layer thicknesses of (b) | | nm and (c) 42 nm; (d) comparison of simulated spectra

corresponding to different angles of incident light.
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as shown in Fig. Ib. The remaining small differences among
spectra are attributed to the surface roughness and scat-
tering of the incident light beam. On the other hand, there
is only slight agreement regarding the thicker oxide layer of
42 nm, as shown in Fig. lc. This seems to be mainly due to
superimposed interference and absorption effects.>*
The latter effects are not directly included in this theoret-
ical model.

In order to assign possible remaining differences in Fig. 1b
and ¢, the surface roughness was measured to evaluate the
incidence angle of light. The results are shown in Fig. 2.
The topology of the samples is dominated by striae, which
were produced during milling of the Cu plates. The typical
height of the striae is approximately 2-3 pm, much larger
than the expected oxide film thickness.

For the first approximation, the surface structure can be
assumed to be a sine wave. In the case of an assumed
sinusoidal slope, the incidence angle may change between
51° and 6°, where the latter corresponds to the incidence
angle to the surface normal given by the integrating sphere

Altitude (pm)
o

-2

-34

1250 1500 1750

Position (um)

1000

Figure 2. Roughness measurements acquired with a step size
of | um.
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and the former would then be observed at the maximum
slope of the sinusoidal surface roughness. In order to com-
pare these two different incidence angles, we varied the
angle in this range, as shown in Fig. 1d. At a high angle,
intensity decreases and the positions of the peaks shift to
shorter wavelengths. However, when considering the simu-
lated and experimental spectra, bands in the measured
spectra are blurred by shifts. This difference and the
second visible peak at 580 nm in Fig. la are attributed to
the absorbance of oxides.>® The band gap of 2.2eV for
copper(l) oxide (Cu,0)* results in absorption at 564 nm,
which matches the peak at 580nm in the experimental
spectra. The band gap of 1.2eV for copper(ll) oxide
(Cu0)* is related to an absorption at 1033 nm, which is
not within the wavelength range investigated in the present
work. Spectra reported by Messaoudi et al.?® for Cu,O and
by Khaorapapong®” for CuO also show these two peaks.

Appearance of absorption features and the large sample
size preclude the evaluation of oxide-layer thickness
through conventional methods. Interference only accounts
for oxide layers with low thicknesses. The spectra of oxide
layers with high thicknesses exhibit overlapping absorbance
features. Nevertheless, interference features in the spectra
of oxide layers with low thicknesses are too weak to enable
the determination of film thickness on the basis of minima
or maxima positions. Hut et al. reported that measurable
interference can only be produced at high temperatures
and after a long oxidation time.>* Thus, oxide-layer thick-
nesses were measured through AES depth profiling to
obtain reference data. A schematic AES depth profile of a
sample oxidized for 10 min and the corresponding survey
spectra are shown in Fig. 3.

The sample surface is covered with a thin carbon con-
tamination layer, which is a consequence of processing
under normal atmospheric conditions. A peak at 269.5eV
is present, known as the C KVV Auger peak.*® In addition
to these peaks, peaks from oxygen KVV are observed at
514.5 eV*%*' and the main copper LMM peak is observed at
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Figure 3. Auger electron spectroscopy depth profile and corresponding survey spectra of a sample oxidized for 10 min at 175°C.



Rebner et al.

919.5eV.*? After 2min of sputtering, the top layers are
removed and carbon peaks are no longer visible in the
spectra. Consequently, the surface-sensitive low-energy
Auger peak of copper remains at 63 eV.*?

The peak ratio between copper and oxygen remains
stable to a depth of 22.5nm, or [0min of sputtering.
The oxygen concentration in the next few layers decreases
to zero after 20 min of sputtering, or a depth of 45.0nm. The
shift of the copper LMM peak to a lower kinetic energy from
the surface layer to the bulk material is due to the change of
oxidation state.***** Thus, CuO dominates the spectrum
of the surface layer and peaks attributed to a mixture of
CuO and Cu,0O appear in the spectrum of the near-surface
layer. In the spectrum of the bulk material, the position of the
copper LMM peaks indicates that only metallic copper exists
in the bulk material. Therefore, the oxygen signal disappears
from the spectrum. All depth profiles exhibit the same devel-
opment, which is dependent on oxidation time and, thus,
oxide-layer thickness. Table | shows the results of all AES
depth profiles, which are comparable with those reported in
the literature.”**'**#” An additional group of oxide films
with different thicknesses is present because of the inhomo-
geneous oxidation of copper. The samples within this group
partially derive from oxidation treatments for 5 or 10 min.

Table I. Results of the AES depth profiles.

Oxidation Average layer Standard
time (min) thickness (nm) deviation (nm)
| 4.50 0.0
2 10.6 0.8
5 28.7 1.3
5and 10 35.0 1.0
10 41.4 0.3
= 0.0nm
(a) e 45nm
+ 106nm %8
0081 @ 27.8nm
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0,04 hA
S BN ,
S o] o 002
A A g
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For the creation of the different groups the AES result were
used to obtain good cluster selections.

We used PLS regression to derive complementary infor-
mation about the oxide-layer thickness from all 142 of the
experimentally acquired UV-Vis spectra. This approach
enables us to obtain the regression of the AES depth pro-
files and the UV-Vis spectra.

To define small changes in spectra, a derivation with
nine-point Savitzky—Golay smoothing was performed.
The model was calibrated using systematic full cross-
validation. The scores and the loadings of the first three
latent variables (LVs) are shown in Fig. 4. The PLS model
needs three factors to minimize calibration and validation
error for the present set of samples.

The scores of different sample types are well discriminated.
Every group of samples with a corresponding oxide thickness
appears as a sharp cluster. The scores of the initial samples are
located at the origin of all three score values. At the beginning
of oxidization, clusters move toward high LV-1, LV-2, and LV-3
scores. Their shift across scores appears as a helix as a result
of the pronounced ranges of the regression coefficients, RC.
Three different wavelength regions are recognized (Fig. 4):
The first range of 220-300nm and the third range of
500-600 nm are strongly correlated. Comparing these ranges
with those of the original spectra (Fig. 1a) reveals that these
ranges are correlated with highly oxidized samples. By con-
trast, the second wavelength range of 300450 nm is strongly
correlated with weakly oxidized samples. For the calculation of
the oxide layer thickness, d, by using the PLS model, the B(0)
and the regression coefficient of the third LV is needed.
The following calculation is done by a standard linear regres-
sion using B(0) as the intercept and the regression coefficient,
RC, and the spectra as the slope.

d[nm] = 18.75 4 Iy - RCay + L1 - RCao1

4)
+ -+ 4 Iggo - RCgop

Factor-3

i J Factor-2

-100
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Figure 4. (a) Scores of the PLS model in the space of the first, second, and third latent variable plotted against each other.
(b) Regression coefficients of the first three latent variables of the PLS model for oxide-layer thickness. B(0) = 18.75; factor 3.
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Figure 5. Values of the oxide-layer thickness calculated using
the PLS model and using the AES depth profile results.

The PLS model describes 88% of the UV—Vis data and
98% of the oxide-layer thickness data with three factors.
When the number of LVs is increased to four, the explained
variance of the UV-Vis data and the variance of the oxide-
layer thickness increases to 96% and 99%, respectively.
However, the use of four factors is not recommended
because of the limited availability of information about
Y-variables. For evaluating the robustness of the PLS model,
the root mean square error of calibration (RMSEC) and the
root mean square error of validation (RMSECV) are calcu-
lated according the literature.*® The RMSEC and RMSECV
are 2.0 and 2.3 nm, respectively. The bias for the validation
is —0.060.

Comparing the aforementioned values with the variation
of oxide-layer thicknesses revealed a relative error of 4.5%
for calibration and 5.1% for validation. These results indi-
cate that the PLS model can well describe UV-Vis spectra
and, therefore, can be used to derive oxide-layer thick-
nesses. A set of |l samples which were not used for
model calibration or validation before were instead applied
for prediction and model verification. The predicted oxide-
layer thicknesses versus the corresponding values mea-
sured by AES depth profiles were displayed against each
other and a linear fit was performed (Fig. 5). First, the
coefficient of determination of 0.970 indicates that the
linear fit described by the PLS model is acceptable. A per-
fect model with ideal samples has an intercept value of 0
and a slope of I. In this case, the intercept value is —2.40
given that the homogeneity of the initial samples did not
satisfy the model. The value for the slope is 1.05 and is
considered satisfactory. Second, the root mean square
error of prediction (RMSEP) for the prediction is 2.9 nm,
which is an acceptable value applied to the RMSECV.

Raman and SEM-EDX measurements were carried out
and the results were compared with those of the PLS
model and with the AES depth profiles. The Raman spectra,
which are shown in Fig. 6, provide complementary informa-
tion about the oxide films. The top layer lacks signals from
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Figure 6. Raman spectra of oxidized copper samples.

Table Il. O/Cu ratios calculated from SEM-EDX measurements.

Oxidation Standard
time (min) O/Cu signal deviation
| 0.0155 0.0022

0.0183 0.0019
5 0.0397 0.0073
10 0.0421 0.0026

carbon contamination, indicating low sensitivity regarding
these compounds. The spectrum of the sample oxidized
for I min does not exhibit a substantial oxide signal.
The intensities of the copper-oxide-related Raman peaks
begin to increase after the initial oxidation steps, beginning
in the spectrum of the sample oxidized for 2 min. A shoul-
der at 109cm ™' is present. The spectra of other samples
oxidized for 5 and 10 min exhibit a strong signal in this
region. Two other signals are present at 178cm™' and
607cm™~". All of the three detected signals belong to
CuZO.49‘5° A signal from CuO, which would be located at
300cm™, is absent.>0~%2

Oxygen K X-ray signals were normalized to the copper
L emission signal for the evaluation of SEM-EDX results.
The results are shown in Table Il. The ratio between the
oxygen and copper signals is correlated with the oxidation
time and increases with increasing copper oxide layers.

Figure 7 was generated to summarize all of the results
and compare the used measurement techniques. It shows
the total normalized Raman peak intensities, the normal-
ized intensity ratio between oxygen and copper peaks from
EDX, and the oxide-layer thickness as a function of the oxi-
dation time. All of these results indicate the same relative
growth of oxide layers. This agreement is strong evidence
for the correctness of the calibrated results. However,
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Figure 7. Combined plot of oxide-layer thickness measurements, normalized EDX intensity of the oxygen-to-copper peak ratio, and

the peak height in Raman spectra.

SEM-EDX and Raman measurements are insufficient for the
analysis of oxide-layer thickness in the researched range.
Instead, the PLS model for UV-Vis spectroscopy is needed
to measure the oxide layer thickness.

Conclusion

This study introduces an alternative novel approach for the
thickness measurement of copper oxide films. The pro-
posed approach combines UV—Vis absorbance measure-
ments and multivariate data. The simultaneous use of
interference and absorbance spectra increases measure-
ment accuracy. Equipment setup and data evaluation
enable the measurement of extremely rough samples.
Previously, state-of-the-art techniques could not be applied
for the measurement of even slightly uneven surfaces.

The proposed method enables the measurement of
oxide-layer thickness during the manufacturing process.
Thus, the direct packaging of power modules can be
tuned using surfaces produced through traditional methods.
In addition, process windows can be enlarged if the exact
critical process parameters are known.

Universally available equipment and operating conditions
enable the application of the proposed measurement
system in other branches of industry, such as the battery
industry, wherein copper is commonly used as an electrode
material and oxide surface layers are critical components.
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