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Group Overview

The RLE Nano-Materials and Electronics Group pursues investigations of carbon nanotubes, including
studies of chemical vapor deposition methods, electron transport in single-walled carbon nanotubes,
nanotube synthesis, and tunable Raman systems for characterizing the chirality of nanotube materials. A
major objective of the group is to develop synthesis and control techniques to create electronic devices
based on carbon nanotubes.

1. Engineering Polycrystalline Ni Films To Improve Thickness Uniformity of the Chemical-Vapor-
Deposition-Grown Graphene Films
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During the past few years research in graphene has caught a lot of attention due to its remarkable
properties, such as high electron and hole mobility (~up to 200,000 cm? V™' s™") [1], high current carrying
capability (up to 3 x10° A cm'z) [2] and high mechanical robustness [3, 4]. Many potential applications
have been proposed [5-8] and, as a result, it is highly desirable to develop reliable synthesis techniques
to fabricate the graphene material. Recently we have developed a facile method to grow few-layer
graphene films by atmospheric pressure chemical vapor deposition (CVD) using Ni thin films deposited on
SiO,/Si substrates [9—11]. Comparing with previous methods to grow graphene flakes/films on metallic
substrates, one significant advantage is that the thin Ni film on top of the SiO,/Si substrate develops a flat
surface and eliminates the need of any surface polishing. The high temperature annealing step gives rise
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to a polycrystalline Ni film which has single-crystal grains with atomically flat terraces. The growth of high
quality, few-layer graphene on the Ni film is enabled and afterwards the Ni film can be easily etched away
so that the graphene film can be transferred to another substrate. These Ni films are deposited onto
SiO,/Si substrates by sputtering. Depending on the sputtering conditions (substrate temperature,
chamber pressure, etc), different average sizes of the Ni grains were obtained after the high temperature
annealing. In this work, we investigated the influence of the Ni grain sizes on the morphology of the CVD-
grown graphene. It was found that, under present CVD growth conditions, one or two layers of graphene
grow on top of the flat single-crystal grains and multilayer graphene usually grows at the grain boundary
regions. Therefore there is a close correlation between the grain size distributions of the Ni films with the
morphology of the graphene films. Obtaining large grains in the Ni film is more favorable in minimizing the
thickness non-uniformity of the graphene film. Previous understanding on the grain growth in transition
metal films provides significant guidance in finding the optimum conditions of the Ni film deposition and
annealing to obtain large Ni grain sizes which favor the growth of 1—2-layer graphene regions.

Our graphene growth starts with Ni-coated SiO,/Si substrates; the Ni thin film is deposited by sputtering to
a thickness of 500 nm. In a typical growth, the substrate is loaded into a quartz tube and heated up in a
CVD furnace to 900-1100°C. This annealing process is carried out under H, and Ar atmosphere. The
flow rate is kept constant at 200 sccm and 800 sccm for H, and Ar, respectively. Afterwards we either
stay at the same furnace temperature or change to a different temperature to start the graphene growth.
In the CVD growth step we change the flow rate of H, to 1300 sccm and stop introducing Ar.
Simultaneously we start flowing ~4 sccm CH,, which acts as the carbon source. After 5 min of growing
we take the quartz tube out of the furnace and cool it down under H, and Ar.

In the Ni grain growth experiments, we only carried out the annealing step before cooling the substrate to
room temperature.

Evolution of the Ni film and correlation between the Ni structure and graphene thickness variation. Figure
1 shows the evolution of the Ni film surface at different stages during the graphene synthesis process.
Figure 1(a) is an AFM image of the Ni surface after sputter deposition. Compared with the underlying
SiO,/Si substrate, the surface became rougher. The RMS value increased from 0.163 (thermal SiO,) to
4.40 nm (sputtered Ni). During the annealing process some of the nickel grains start to grow whereas the
others shrink. This growing process can be described by the following equation [12]:

drfdt = M| (s - vs/h)*+ (Ti - vi/h) + vgu (Y7 - 1r)] (1)

where r is the grain radius, I is the average grain radius, M is the grain boundary mobility, ygis the
surface energy, Vg is the average surface energy, y;is the interface energy (to the substrate), 7;is the
average interface energy, Ygb is the grain boundary energy and h is the film thickness. If dr/idf >0 the

grain starts to grow, otherwise it will shrink. Therefore the growth of a grain with the surface/interface
energy slightly smaller than the average surface/interface energy will be promoted. As a result, some
grains grow whereas other grains will vanish. The average grain size increases during the annealing. This
result is shown in Figure 1(b), which is an optical image of the surface of the nickel film after 20 min of
annealing at 900°C. The black lines are the Ni grain boundaries. The lateral size of the grains after
annealing can be as large as tens of ums. Each grain is a single-crystal grain with a flat surface [Figure
1(d)]. The RMS roughness is 1.38 nm. The grains are separated by groove-like grain boundaries, which
can be deeper than 30 nm.
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Figure 1. The Ni surface morphology before the CVD growth of graphene. (a) AFM image of Ni surface after
deposition, but before annealing. (b) Optical image of the Ni film after annealing under H2 environment before CVD
synthesis. (c) AFM image of the Ni film surface after annealing, showing both the grains and grooves at the grain
boundaries. (d) AFM image of the surface of a single grain showing the flat surface.

In Figure 2(a) the optical image of an as-grown sample surface is shown. The darker areas near the grain
boundaries correspond to graphite whereas on top of the nickel grains we get one or two layers of
graphene. We see the correlation between the sizes of the nickel grains and the sizes of the graphene
areas with one or two graphene layers in Figures 2(b) and (c) (see circled areas). The 1-2-layer
graphene area is limited by the size of the nickel grains. Therefore in order to enlarge these 1-2-layer
regions it is necessary to increase the size of the nickel grains. This leads to our following investigations
towards a better understanding of the growth mechanism of the nickel grains on SiO,.
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Figure 2. The correlation of the Ni grain structure and the thickness variation of the graphene film on top of the Ni
film. (a) Optical image of the Ni surface with graphene after CVD growth; the black lines are the grain boundaries
between Ni grains and the darker regions correspond to multilayer graphene [the thin graphene layers cannot be seen
in this image, but are situated on top of the single-crystal nickel grains (circled area)]. (b) Optical image of a graphene
film on Ni at a location with one hole in the Ni film which is used as a marker. (c) Optical image of the same graphene
region transferred to the SiO2/Si substrate showing a direct correlation of the graphene film thickness variation with
the grain structure of the Ni film.

Controlling Ni grain growth. Reducing thermal stress inside the Ni film. In general there are two different
types of grain growth [12], which are normal and abnormal grain growth. An important characteristic of the
normal grain growth is that, after the annealing, the average grain size does not exceed the film
thickness. Also the shape of the grain size distribution of the single grains is not changing. Only the peak
of the distribution shifts to larger grain sizes. Normal grain growth rarely occurs in thin films. Abnormal
grain growth is preferred: due to the surface and interface energy anisotropy, only a subpopulation of the
grains which are favored will start to grow. Therefore the grain size distribution develops until the portion
of the population which is not favored is eliminated. The abnormal grain growth has the characteristic that
the average grain size is up to an order of magnitude larger than the film thickness.

In our experiments we used 500 nm sputtered Ni films. This implies that our grains should also be in the
range of several hundred nanometers if we observe normal grain growth. However, they were much
bigger in our experiments. The ratio of the grain diameter (about 10 um) to the thickness of the nickel film
(500 nm) is around 20 which could only be obtained by abnormal grain growth [12]. In the case of
abnormal grain growth, the driving forces are the surface/interface energy minimization or stress
minimization [12]. In fcc metals, the (111) planes always have the lowest surface/interface energy with
respect to other crystallographic orientations [13]. Therefore the growth of Ni(111) grains (i.e., grains
having their surface normal perpendicular to the (111) crystal plane) is preferred due to energy
minimization between the Ni(111) surface and the underlying substrate. However, in the case of Ni films
having high stress, the surface/interface energy minimization is no longer the dominant driving force.
Rather, the system tries to minimize its internal stress instead of the surface/interface energy. In this
case, the growth of grains with a (100) crystallographic orientation is preferred because the Young’'s
modulus has the lowest value in the (100) direction for fcc metals—in order to reduce the internal stress,
Ni(100) grains are easier to expand or compress than grains with other orientations. In order to grow
graphene epitaxially on nickel, the lattice mismatch should be small. The smallest mismatch is for grains
with the (111) orientation (1.2%). Therefore we optimized the nickel film to promote the growth of (111)
grains. The total stress depends on the thickness of the film and on the difference between the deposition
temperature and the annealing (grain growth) temperature, AT [14]. As a result, the amount of stress in

36-4 RLE Progress Report 152



Chapter 36. Nano-Materials and Electronic Devices

the nickel film determines the type of energy minimization in the Ni film and therefore the grain
orientations that are favored during grain growth. The total stress oy in the nickel film can be calculated
by the following formula:

Gtotal = Othermal T Ointrinsic T+ Cexternal (2)

where Owermal IS the stress which occurs during annealing due to the different expansion coefficients of Si
and Ni and Oexemal is the stress which is caused by an external force. The stress at room temperature
when no external force is applied iS Ointrinsic- IN OUr experiment we can neglect Oexema, DeCause there is no
external force. In the case when oy, > 0 we speak of tensile stress, otherwise it is compressive stress.
The thermal stress is given by the following expression:

Gthermal = (aSi - OCNi)(TanneaIing - 7-deposition) 3)

This means the higher the temperature difference AT (=Tannealing — Taeposition) the higher the thermal stress.
Therefore during the grain growth, the system will favor energy minimization with low AT (i.e., loW Oiermal)
and will favor stress minimization under high AT (i.e., high Gema). Due to the fact that as; < ay and
Tgeposion < Tannealing the stress at the annealing temperature of 1000°C is highly compressive. In order to
enhance the growth of Ni(111) grains we need to decrease AT and therefore increase Tyeposiion- Similar
conclusions have been made by investigations in Ag film growth, which is also an fcc metal as Ni [14].
Thus we used higher deposition temperatures to minimize the stress. In order to confirm that we really
promoted the growth of grains with (111) morphology with respect to grains with (100) morphology or
other crystallographic directions, we carried out x-ray diffraction analysis (see Figure 3). Before we
annealed our samples, the Ni films contained grains with both (111) and (100) orientations. After the
annealing, only the (111) diffraction peak was detected, suggesting an increase in the population of
Ni(111) grains.

XRD Spectrum of nickel samples
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Figure 3. XRD data of the nickel thin film before annealing (black) and after annealing (red). The intensity is
normalized to the nickel (111) peak. The red curve has an arbitrary offset in the y direction for better illustration.

We found that a positive side effect of minimizing the stress in the system was that the nickel grains grow
larger under lower stress, which results in larger areas of one-or two-layer graphene. The optical images
for three different deposition temperatures are illustrated in Figure 4. We used the Image J software to
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obtain an estimate of the average grain sizes. It shows that we obtained the largest nickel grains for the
higher deposition temperature (450°C).

Figure 4. The optical images of 500 nm thick polycrystalline nickel films are displayed for different deposition
temperatures: (a) (50°C), (b) (350°C) and (c) (450°C). They are all annealed under the same conditions.

Reducing the internal stress. The deposition conditions were also optimized to decrease the stress in the
film and enhance grain growth. Since the limit of the deposition temperature (determined by our
deposition chambers) was reached, we started to manipulate the intrinsic stress. As the thermal stress is
compressive in our experiments, a tensile intrinsic stress would help to decrease the total stress in the
film.

One way to do this is by increasing the argon pressure during sputtering deposition. The intrinsic stress
(tensile) increases monotonically with argon pressure [15].

In Figure 5 we compared two 500 nm thick nickel films sputtered at 3 mT and 15 mT argon pressure,
respectively. They are both annealed at the same conditions. This experiment confirms the previous
understanding. The sample with the lower total stress (high argon pressure) shows larger nickel grains.

Figure 5. Optical images of the surface of a 500 nm thick nickel film after the annealing. (a) Deposition
temperature: 450°C, argon pressure: 3 mT; (b) deposition temperature: 450°C, argon pressure: 15 mT.

36-6 RLE Progress Report 152



Chapter 36. Nano-Materials and Electronic Devices

Effect of the underlying surface. Apart from tailoring the sputtering condition to get large grains in the
(111) orientation, we also observed an interesting effect on the grain growth by the underlying SiO,
surface. We sputtered Ni under the same conditions onto three different types of SiO, substrates:
thermally grown SiO,, low stress PECVD-grown SiO, and PECVD-grown SiO,. Figure 6 shows that the
size of the nickel grains is smallest on the thermally grown SiO, and is largest on PECVD-grown SiO,. All
three samples were annealed under the same conditions. The grain size of polycrystalline nickel on
PECVD SiO, is a factor of 2 larger than on thermally grown SiO,. At present the exact reason for this
interface effect is not known; one possibility is the difference in the roughness of the surfaces.

Figure 6. Optical image of the annealed 500 nm thick nickel film on top of thermally grown SiO, (a), low stress
PECVD SiO, (b) and PECVD SiO (c).

Figure 7 shows the AFM images of these three types of substrates. The arithmetic average roughnesses
are 0.163 nm, 1.33 nm and 1.4 nm for thermal SiO,, low stress PECVD SiO, and PECVD SiO,,
respectively. Since the interface with the highest roughness has the largest area, which will give rise to
the largest surface/interface energy, it is possible that, due to this reason, the PECVD SiO, promotes the
largest grain growth of the Ni film among the three types of substrates.

Figure 7. The AFM images of thermally grown SiO; (a), low stress PECVD grown SiO; (b) and PECVD-grown
SiO; (c) are displayed. Their arithmetic average roughness values are 0.163 nm, 1.33 nm and 1.4 nm for thermal
SiOy, low stress PECVD SiO; and PECVD SiO», respectively.
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Time dependence. Another way to increase the grain size of the nickel grains is by optimizing the
annealing process. There are two very important equations which describe the grain growth in a certain
range:

rocJat (4)

— Q
a=age (5)

where r is the grain radius, a is the grain boundary mobility, t is the annealing time, Q is the activation
energy for the grain boundary motion, k is the Boltzmann constant and T is the annealing temperature. It
should be noticed that these equations hold only for an ideal case. In reality the grain growth becomes
stagnant. During the grain growth a groove is forming at the grain boundary. When the groove becomes
deeper the curvature of the grain boundary increases. If this curvature exceeds a certain threshold, the
grain boundary motion stops and the grain growth stagnates [16]. We did some experiments to check for
this dependence. Figure 8 shows the first experiment where we took a nickel sample and changed the
annealing time, leaving everything else constant. It is noticeable that with increasing annealing time the
grain size is increasing. Notice that there is a large change in the average grain size between 1 and 15
min of annealing, but only a small change between 15 and 40 min of annealing. This is due to the
stagnation of grain growth.
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Figure 8. The optical image of the polycrystalline nickel surface after an annealing time of 1 min (a), 15 min (b) and
40 min (c). The annealing temperature is 1000°C.

When we expose a thin nickel film to H, under elevated temperatures we observe that the nickel starts to
vanish at different spots [*holes” in the Ni film, such as the one shown in Figure 2(b)]. Under elevated
temperatures hydrogen atoms are able to diffuse into the nickel and form hydrogen clusters. These
clusters grow over time and build up pressure. If the pressure overcomes the cohesive force in the nickel,
cracks will initiate at the walls of these clusters and destroy the nickel film [15]. The resulting pinholes are
called hydrogen blisters. Their amount increases with longer annealing times and higher annealing
temperatures. The presence of the holes complicates the graphene growth and transfer process and is
thus undesirable. As a result, there is an optimum time for our Ni film annealing.

Temperature dependence. In the next step we checked the dependence of the grain size on the
annealing temperature. Three samples were annealed at 900°C, 1000°C and 1100°C, respectively. The
annealing time in all three experiments was only 1 min. The result of this experiment is displayed in
Figure 9. The strong increase of the grain size with increasing temperature is clearly noticeable.
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Figure 9. Optical images of the surface of the nickel film which was annealed for one minute at (a) 900°C, (b)
1000°C, and (c) 1100°C.

The short annealing time in this experiment avoids damage of the 500 nm thick nickel film by hydrogen
blisters. After combining the two main results of the previous experiments (i.e., optimizing the film
deposition conditions in terms of substrate temperature and Ar gas pressure during deposition; long
annealing times lead to successive damage of the nickel film and high temperatures for enhanced grain
growth velocity) we came up with an optimized annealing procedure. The most important part of this
annealing procedure is to heat up the sample very fast to high temperatures and to stay there only for a
short time period. Afterwards we cool down the sample to the temperature that is needed for the following
CVD process. The sketch of the annealing procedure is illustrated in Figure 10.
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Figure 10. lllustration of the optimized annealing procedure. It takes only 7 min and starts with a ramp up to
1000°C followed by a cool down to 1000°C, which is necessary to avoid the destruction of the nickel film.

The curve shows that the furnace is preheated to 1100°C in order to save time. As the CVD tube
containing the sample is introduced, the temperature drops. Afterwards the sample is heated in a very
short time to 1100°C. As soon as the sample reaches this temperature, the furnace is cooled down to
1000°C. This process gave the largest average grain size without significant damage of the nickel film.
We also reduced the amount of H, as much as possible, because of the negative effect of H, on the
nickel film. However, the introduction of some H, flow was still necessary to avoid oxidation of the Ni film
at high temperatures and preserve the catalytic activity of the Ni surface during the CVD process.

After optimizing the grain growth we were able to increase the thickness uniformity of the graphene
significantly. The results are shown in Figure 11.
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Figure 11. Optical image of the transferred graphene using an unoptimized Ni film (a) and optimized Ni film (b) of
the nickel grain growth.

In summary, we introduced different procedures to obtain very large grains in a thin nickel film with (111)
orientation, in order to improve the thickness uniformity of the graphene grown from these Ni films. We
have shown that a high deposition temperature and a high argon pressure promotes the growth of nickel
grains with (111) orientations and also increases the grain size itself. A rough surface enhances the
driving force of the abnormal grain growth and thus results in large grain sizes. Based upon these
understandings, we developed an annealing procedure which uses high temperatures and short
annealing times to grow larger nickel grains without any destruction of the surface due to hydrogen
blisters.

References

[11 S. V. Morozov, K. S. Novoselov, M. I. Katsnelson, F. Schedin, D. C. Elias, J. A. Jaszczak, and A. K.
Geim, “Giant Intrinsic Carrier Mobilities in Graphene and lts Bilayer” Physical Review Letters
100(1): 016602 1-4 (2008).

[21 J. Moser, A. Barreiro, and A. Bachtold, “Current-Induced Cleaning of Graphene,” Applied Physics
Letters 91(16): 163513 1-3 (2007).

[8] J.S.Bunch, A. M. van der Zande, S. S. Verbridge, I. W. Frank, D. M. Tanenbaum, J. M. Parpia, H.
G. Craighead, and P. L. McEuen, “Electromechanical Resonators from Graphene Sheets,” Science
315(5811): 490-493 (2007).

[4] C. Lee, X. Wei, J. W. Kysar, and J. Hone, “Measurement of the Elastic Properties and Instrinsic
Strength of Monolayer Graphene,” Science 321(5887): 385-388 (2008).

[5] P. Blake, P. D. Brimicombe, R. R. Nair, T. J. Booth, D. Jiang, F. Schedin, L. A. Ponomarenko, S. V.
Morozov, H. F. Gleeson, E. W. Hill, A. K. Geim, and K. S. Novoselov, “Graphene-Based Liquid
Crystal Device,” Nano Letters 8(6): 1704-1708 (2008).

[6] G. Eda, G. Fanchini, and M. Chhowalla, “Large-Area Ultrathin Films of Reduced Graphene Oxide
as a Transparent and Flexible Electronic Material,” Nature Nanotechnology 3(5): 270-274 (2008).

[71 F. Schedin, A. K. Geim, S. V. Morozov, E. W. Hill, P. Blake, M. I. Katsnelson, and K. S. Novoselov,
“Detection of Individual Gas Molecules Absorbed on Graphene,” Nature Materials 6(9): 652-655
(2007).

[8] X. Wang, L. J. Zhi, and K. Mullen, “Transparent, Conductive Graphene Electrodes for Dye-
Sensitized Solar Cells,” Nano Letters 8(1): 323-327 (2008).

[9] K. S.Kim, Y. Zhao, H. Jang, S. Y. Lee, J. M. Kim, K. S. Kim, J-H. Ahn, P. Kim, J-Y. Choi, and B. H.
Hong, “Large-Scale Pattern Growth of Graphene Films for Stretchable Transparent Electrodes,”
Nature 457(7230): 706-710 (2009).

36-10 RLE Progress Report 152



Chapter 36. Nano-Materials and Electronic Devices

[10] A.Reina, X. Jia, J. Ho, D. Nezich, H. Son, V. Bulovic, M. S. Dresselhaus, and J. Kong, “Large-Area,
Few-Layer Graphene Films on Arbitrary Substrates by Chemical Vapor Deposition,” Nano Letters
9(1): 30-35 (2009).

[11] Q. Yu, J. Lian, S. Siriponglert, H. Li, Y. P. Chen, and S-S. Pei, “Graphene Segregated on Ni
Surfaces and Transferred to Insulators,” Applied Physics Letters 93(11): 113103 1-3 (2008).

[12] C. V. Thompson, “Grain Growth in Thin Films,” Annual Review of Materials Science 20: 245-268
(1990).

[13] R. Carel, C. V. Thompson, and H. J. Frost, “Computer Simulation of Strain Energy Effects VS
Surface and Interface Energy Effects on Grain Growth in Thin Films,” Acta Materialia 44(6): 2479-
2494 (1996).

[14] C. V. Thompson and R. Carel, “Stress and Grain Growth in Thin Films,” Journal of the Mechanics
and Physics of Solids 44(5): 657-673 (1996).

[15] IMAPS Flip Chip Technology Workshop, Austin, Texas, June 15-18, 2003.

[16] W.W. Mullins, “The Effect of Thermal Grooving on Grain Boundary Motion,” Acta Metallurgica 6(6):
414-427 (1958).

2. Growth of Large-Area Single- and Bi-Layer Graphene By Controlled Carbon Precipitation on
Polycrystalline Ni Surfaces

Sponsors

This work was partly supported by the Materials, Structures and Devices (MSD) Focus Center, one of the
five centers of the Focus Center Research Program, a Semiconductor Research Corporation program.
Support from NSF/CTS 05-06830 (X. J. and M. S. D) and NSF/DMR07-04197 (A. R. and M. S. D.) is also
acknowledged. Raman measurements were carried out in the George R. Harrison Spectroscopy
Laboratory supported by NSF-CHE 0111370 and NIH-RR02594 grants. The authors acknowledge Mario
Hofmann for help in preparation of graphic illustrations for potential cover art and Gerardo Martinez and
Arturo Ponce Pedraza for providing images for the potential cover art.

Project Staff
Alfonso Reina, Stefan Thiele, Xiaoting Jia, Sreekar Bhaviripudi, Mildred S. Dresselhaus, Juergen A.
Schaefer, and Jing Kong

Exploring ways to synthesize graphene which allow scalability, have low fabrication cost and facilitate
integration with other materials, could play an important role in both fundamental research and the
realization of future graphene applications. Several graphene synthesis approaches have been
developed, including: (1) exfoliation methods (both mechanical [1, 2] and chemical [3-8]); (2)
graphitization of SiC surfaces [9, 10]; (3) graphene precipitation/deposition on transition metal surfaces
[11, 12]; (4) gas phase/substrate-free formation of graphene sheets [13]. Procedures such as (1) and (4)
produce free-standing graphene isolated from any substrate which enables the integration of graphene
with other materials. Methods like (2) and (3) produce graphene bound to a specific substrate which limits
the flexibility of these approaches. Recently, it has been shown that graphene films can be grown by
ambient pressure chemical vapor deposition (CVD) on thin films of transition metals and isolated from
their growth substrate [14—16]. This approach is promising for generating large scale graphene on a wide
range of substrates. However, these films vary in thickness from 1 to ~10 layers across their area [14—16,
17]. Here, we present an important advance to further improve the thickness uniformity of these films. We
show that the area of multilayer graphene regions on the film can be reduced and the regions with single-
or bi-layer graphene (1-2 LG) can be increased to 87% of the overall film area.

The precipitation of monolayer and multilayer graphene from bulk transition metals is widely known [18,
19]. It occurs due to the temperature-dependent solubility of carbon in transition metals. This concept has
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recently been used to produce 1-2 LG under either vacuum conditions [11, 19] or in an ambient pressure
CVD process [14-17]. In our process, carbon is introduced into the bulk of thin (~500 nm) Ni films by
decomposing a highly diluted hydrocarbon gas (CH,). Graphene precipitation is promoted on the surface
of the Ni films upon cooling of the Ni—C solid solution. A summary of the three-stage process that is
utilized is shown in Figure 1. The samples are heated to 900°C and annealed for 20 min at this
temperature (stage 1) under Ar and H, in order to smooth the Ni surface and to activate Ni grain growth.

Temperature _
Carbon in

solution

fei%— 2. Exposure

to methane

and annealing

3. Cooling: graphene
film precipitation

-——

Time

Figure 1. lllustration of the graphene growth process and its different stages (1-3). 1. The Ni film deposited on
SiO,/Si is heated to 900°C and annealed for 20 min under flowing Hz and Ar (400 and 600 standard cubic
centimeter per minute (sccm), respectively). Here, Ni grain growth and surface smoothening occurs. 2. Exposure
to H, and CH4for 5 min. The flow rate of His always 1400 sccm in every run. The flow rates of CH4 used in the
results presented in Table 1 are 6, 7, 8, and 10 sccm corresponding to concentrations of 0.4 vol%, 0.5 vol%, 0.6
vol%, and 0.7 vol%, respectively. CH4 is decomposed catalytically and the carbon produced is incorporated into
the Ni film. 3. The substrate is cooled down from 1000 to 500°C under Ar, H, (700 sccm for both gases) and the
same flow of CHy is used as in stage 2. Times for this step are 15 to 120 min corresponding to cooling rates
between 33.0 and 4.2°C/min. At 500°C, the sample is taken out of the tube furnace and cooled rapidly to room
temperature. For the case of a cooling rate of 100.0°C/min, the sample is simply taken out of the furnace and
cooled down to room temperature.

Table 1. Types of graphene films obtained at different methane concentrations and cooling rates.

dT/dt (°C/min)
Xmethane (VOI- %)
100.0 33.0 25.0 | 16.6 | 8.3 5.5 4.2
0.4 No graphene film
0.5 No graphene film B
0.6 A B
0.7 A

A = films of type A (Figs. 2(a) and 2(b)). B = films of type B (Figs. 2(c) and 2(d)).

During stage 2, CH, (typically around 0.5 vol%—1 vol% by controlling the flow rate) along with H, is
allowed to flow over the Ni surface at 1000°C. CH4 begins to decompose catalytically on the surface of Ni
[21, 22] and carbon diffuses into the Ni film. After 5 min of CH4 exposure, the Ni film is cooled down (stage
3) under Ar, H, and the same CH, concentration (see Fig. 1 and Table 1 for exact flow rates). Based on
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previous models of non-equilibrium carbon segregation in Ni [19, 23], when the Ni—C solution is cooled
down, graphene precipitates on the surface of the Ni film. We report that by controlling the amount of
methane during our process and reducing the rate of substrate cooling in stage 3, it is possible to obtain
graphene films consisting of mostly 1-2 LG (see Figure 2). The Ni films utilized are polycrystalline due to
their deposition method (E-beam evaporation or sputtering) with a thickness of ~500 nm. The role of the
Ni grain size on the thickness variation of the graphene films has been discussed previously [24]. In this
work, Ni films were deposited under conditions which give two different average Ni grain sizes of a few
microns or a few tens of microns after annealing (i.e., after stage 1). Results are compared using Ni
substrates with both grain sizes. The use of these types of Ni films is attractive due to their relatively
simple fabrication and low cost compared to single crystalline Ni. Transfer of the resulting graphene was
done by wet-etching of the Ni film with a 3 wt% aqueous solution of hydrochloric acid. Before etching, a
layer of poly(methyl methacrylate) (PMMA) was spincoated on the surface of the graphene film to serve
as a support. The resulting PMMA/graphene layer was then manually laid on the target substrate (SiO./Si
or TEM grids). The PMMA was finally removed by exposure to acetone in liquid or vapor form.

Low density of 1-2 layer graphene (film A) High density of 1—2 layer graphe (film B)
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Figure 2. Two types of graphene films (types A and B) and their characterization. (a), (b) Type A film with low
coverage of one- to two- layer regions (low 612 1¢). (c), (d) Type B film with high coverage of one- to two- layer
regions. (a) and (c) are optical images of the graphene films on Ni, (b) and (d) are optical images of the graphene
films transferred to SiO./Si. Transfer to SiO,/Si enables thickness analysis by optical contrast. (e) AFM image of a
1-2 layer region on SiO/Si of a type B film. Inset shows the cross sectional height of 1 and 2 LG measured along
the lines shown in the AFM tepographical image. (f) SEM image of a 1-2 LG region of a type B film transferred to
a TEM grid for thickness analysis. The regions remain freestanding across the circular openings of the grid. Dark
areas suggest that the film broke at those sites. (g) TEM image of a region consisting of 1-2 LG in a type B film
(pink background in (d)). (h) Representative Raman spectra collected from a type B film at regions consisting of 1-
2 LG (shown in red) and 2+ LG (~5 L, shown in blue). The G peak at ~2700 cm’for 1-2 LG is a single Lorentzian
peak. The Raman spectra of graphite pieces found in the film (yellow clusters in optical image (d)) are shown in
green. The laser wavelength used was 514 nm with a laser power of 1 mW and acquisition time of 5 s.

Two types of graphene films (A and B, shown in Fig. 2) with contrasting thickness variations can be
obtained by controlling the methane concentration during CVD (Xmetnane) and the rate of cooling (d7/df).
Table 1 shows the conditions under which each type of film can be grown. Films of type A consist mostly
of multilayer graphene and are grown with high Xmethane (0.7 vo0I1%). It is observed that the Ni grain size
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plays a critical role in the thickness variation of the film, as also reported previously [24]. Multilayer
graphene with more than two graphene layers (2+ LG) tends to segregate around the grain boundaries of
the polycrystalline Ni fi Im [Figs. 2(a) and 2(b)]. The thinnest regions that were identified (1-2 LG) grow at
the center of the large Ni grains of the catalytic Ni film. These observations suggest that Ni grain
boundaries act as preferential nucleation sites for multilayer graphene or graphite. This can be explained
by the fact that impurities in transition metals tend to segregate at grain boundaries [25, 26]. On closer
scrutiny, comparison of Figs. 2(a) and 2(b) reveals that multilayer graphene was present at almost all the
Ni grain boundaries, suggesting that the density of nucleation sites for graphene precipitation is high (as
compared to graphene film type B which is discussed later). For a CH,4 concentration of 0.7 %—which
always results in the growth of type A films—the sizes of 1-2 LG are independent of the cooling rate (see
the summary in Table 2), but do depend strongly on the average grain size of the Ni film used for the
synthesis. Therefore, Ni films with different average grain sizes produce 1-2 LG regions of different sizes
[24].

Table 2. Description of films obtained with different CH4 concentrations and cooling rates.

Regime of dT/dt ("C/min)
Xmethane (VOI. %) - - - —
High (100.0°C/min) Low (<25°C/min)
B
05 No graphene film 612 LG‘depends on cooling rate; . _
P2+16 IS homogeneous across Ni surface;
full coverage of the graphene film on the Ni surface
A B
06 612 .6 similar to the size of Ni grains; 6:.21.c depends on cooling rate;
' P2+16 is homogeneous across the graphene film; P2+ IS inhomogeneous across the graphene film;
partial coverage of the graphene film on the Ni surface | full coverage of the graphene film on the Ni surface
A A
07 612 .6 similar to the size of Ni grains; 0126 similar to the size of Ni grains;
' P2+ is homogeneous across the graphene film; P2+ is homogeneous across the graphene film;
full coverage of the graphene film on the Ni surface full coverage of the graphene film on the Ni surface

A = films of type A (Figs. 2(a) and 2(b)). B = films of type B (Figs. 2(c) and 2(d)) 61, LG = area fraction occupied by
one or two graphene layers. p.+.c = number density of multilayer sites with more than two graphene layers.

Graphene films with their area consisting mostly of 1-2 LG (type B in Fig. 2) are grown by using
intermediate Xmetnane values (0.5%—0.6%) and low cooling rates (d7/dt < 25°C/min). For this case, the film
thickness variation obtained is significantly different from that obtained with higher Xmethane (0.7%). It is
observed that not all grain boundaries on the polycrystalline Ni show the nucleation of multilayers [Figs.
2(c) and 2(d)], resulting in an increase of the area fraction covered by 1-2 LG. AFM, TEM, Raman
spectroscopy and optical microscopy were used to characterize these films [Figs. 2(e)—(h)]. The heights
of 1- and 2-LG on SiO,/Si as measured by AFM are 0.72 and 1.16 nm, respectively [Fig. 2(e)]. TEM
confirmed that most of the film area consists of 1-2 LG [Figs. 2(f) and 2(g)]. The Raman G’ band (~2700
cm'1) of 1- and 2-LG always has a single Lorentzian lineshape. For both cases, the linewidth usually lies
in the range 3040 cm™, suggesting the absence of interlayer coupling. Furthermore, the relative intensity
of the G” and G bands varies randomly between 1- and 2-LG regions, possibly due to differences in
doping levels [27]. Also, no difference in G” frequency is observed between the 1- and 2-LG regions
probed [28]. Therefore, it is not possible to distinguish between 1- and 2-LG using Raman spectroscopy
alone. This is better done by optical microscopy [see discussion below and Electronic Supplementary
Material (ESM)] or direct observation in a TEM. Four point probe measurements of the sheet resistance of
the films yield values of ~0.5 1 kQ/sq and 3-5 kQ/sq for films of types A and B, respectively. The
difference in sheet resistance is attributed to the conduction through multilayer graphene which should
have a larger contribution to the film conductivity in the case of films of type A.

The differences in the number of multilayer graphene sites between films of types A and B can be
explained in terms of the differences in the methane concentrations and cooling rates used. Lower
methane concentrations will result in relatively low carbon concentrations in the Ni film. Consequently,
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this will promote a reduction of carbon segregation on the Ni surface during the cooling stage. The
amount of segregation, for a given change in temperature d7/dt, depends on the magnitude of the solute
oversaturation (which should be directly related to the methane flow rate) [29-31]. On the other hand,
decreasing dT/dt may promote segregation under conditions closer to equilibrium, therefore reducing the
density of multilayer sites [32]. Note that with 0.5% methane concentration, only films of type B were
obtained, whereas if the methane concentration was increased to 0.7%, only films of type A were
obtained. This is consistent with our ideas discussed above. Table 1 shows that at 0.6% methane, there
was a transition from A to B type of film growth as the cooling rate was decreased. However, it was found
that this methane concentration resulted in a partial graphene coverage of the Ni surface if high cooling
rates (33—100°C/min) were used (see Table 2). For the same methane concentration, using low cooling
rates (<25°C/min) resulted in full coverage but with an inhomogeneous density of multilayer sites. The
best control over both graphene coverage and homogeneous density of multilayer sites was
accomplished with methane concentrations of 0.5% and 0.7% for films of types A and B, respectively (see
Table 2).

It was found that in type B films, grown with Xmethane = 0.5%, the area covered by 1-2 LG (61_p.6) was
dependent on the cooling rate (Table 2). Figure 3 shows that decreasing the cooling rate below 25°C/min
during the segregation step further increased 6,_5 ¢ in type B films (Xmethane ~0.5%). In addition, the slower
the cooling rate, the fewer the number of nucleation sites of multilayer graphene (p,..¢). The decrease in
the density of multilayer sites can be also attributed to a reduction of the segregation rate caused by the
lowering of dT/dt. At low segregation rates, carbon atoms can diffuse for longer times before they
coalesce to form graphene (diffusion limited nucleation) [30]. It can also be observed that as dT/dt
decreased, not only did p.. g decrease but the thickness of the multilayer pieces increased. This can be
seen by the increase in the number of yellow or white regions (graphite) and the reduction in the number
of purple or blue regions on the graphene film [Figs. 3(a)—(c)]. This suggests that d T/dt may only have an
effect on the density of multilayer sites, and not on the amount of carbon segregating. Consequently, in
the case of our slowest cooling rates, if fewer nucleation sites are available for the same amount of carbon
segregating at the surface, an increase in the thickness of the multilayer graphene regions must be
expected.

(a) 25 °Cimin (b) 8 °C/min (c) 4 °C/min
25 um
P oEm— e—

Figure 3. Effect of the cooling rate on type B films which were grown with a CH4 concentration of 0.5%. (a)-(c)
Optical images of graphene films transferred to SiO,/Si grown with decreasing cooling rate as indicated. The
number of nucleation sites with multilayer graphene decreases as the cooling rate decreases, leading to an
increase of the 1-2 LG region (pink background). Scale bars are all 25 ym.

The cooling rate of the Ni film during graphene precipitation was used to obtain films with up to 87% of
their area (84_2.6 = 0.87) composed of no more than two layers of graphene (of which the single layer area
made up 5%—11% of the total film area). The area fraction 84, ¢ increased as the cooling rate was
decreased and it can be tuned from 0.60-0.87 for CVD processes using Xnethane ~0.5% (Figure 4). The
density of sites consisting of multilayer graphene with more than two layers, p,.. g, can be decreased by
50% on going from the highest to the lowest cooling rate tested (Fig. 4). The quantification of the area
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percentage plotted in Fig. 4 was done by comparing optical images of the graphene films on SiO,/Si with
bare SiO,/Si substrates. Each pixel of the optical images can be expressed in the RGB (red green blue)
color model [33] which is used for image display and representation in electronic systems. In this model,
the color of each pixel in an image is represented by the intensities of the three primary colors—red,
green, and blue, hence used as its name. When graphene is present on 300 nm SiO,/Si, it creates an
enhanced absorption at wavelengths around 500 nm [34, 35] corresponding to the color green. Therefore,
the green component, {G} of our optical images can be used to identify the contrast created by the CVD
graphene film with respect to the underlying SiO, [Fig. 4(a)]. This enables us to identify regions with down
to 1- and 2-LG in an automated way (see ESM). Such a contrast in {G} was also measured for pieces of
exfoliated graphene [from highly oriented pyrolytic graphite (HOPG)] on SiO./Si and was used as a
calibration for the identification of 1- or 2- LG derived from our CVD process (see ESM). The coverage,
01, plotted in Fig. 4(b) represents the fraction of pixels identified as containing no more than two
graphene layers (pink background in images of Fig. 3). Optical images at 50% magnification, with 3900 by
3090 pixels (289 uym x 229 um), were used for this analysis. It was also observed that 6,5 is
independent of the grain size of the Ni film used to synthesize graphene [Figs. 4(b) and 4(c)]. Two Ni
grain sizes (L1 and L,) were used in our experiments and their images are shown in Figs. 4(d) and 4(e).
Optical images of graphene grown on both Ni grain structures and transferred to SiO,/Si are shown in
Figs. 4(f)—(i). This comparison is important since the grain sizes of transition metal thin films vary
depending on film thickness, residual stress and deposition conditions [36, 37]. Lastly, these films are
also transferable to other substrate materials, similar to the way such transfers have been reported
previously [15]. Graphene films of up to 1 in? in size and with high area fractions of 1-2 LG have been
fabricated [Fig. 4(j)]. Their sizes are limited only by the size of the Ni film used and the CVD chamber
size.

Figure 4. Quantification of single and bilayer
graphene coverage of graphene films grown
on Ni with different grain sizes (L1 and L>).
(a) Optical recognition of 1- and 2-LG with
the {G} values extracted from the RGB
image of graphene films on SiO./Si. {G}
decreases in a stepwise manner from bare
SiO, to one and to two graphene layers
(inset in (a)): {G}bare sio, =200 and the
measured A{G} values for the 1-L and 2-L
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Number of sites per mm?with more than two
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different Ni films with grain sizes L{ and L,
show a similar dependence on cooling rate.
Optical images of the two grain sizes are
shown in (d) and (e). Graphene films grown
on the two types of Ni films before ((f) and
(9)) and after transferring to SiO»/Si ((h) and
(i)). The area covered by 1-2 LG is
independent of the Ni grain size. Scale bars
in (d)-(i): 25 um. (j) Photograph of a large
graphene film with ~87% of its area covered
by 1-2 LG. The size of the films fabricated is
only limited by the sizes of the Ni film and
the CVD chamber employed.
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In conclusion, we have demonstrated the possibility of growing graphene films with up to 87% of their
area composed of no more than two graphene layers and which can also be transferred to insulating
substrates. This was accomplished by controlling both the carbon concentration and the substrate cooling
rate during the CVD process. Under a suitable carbon concentration (0.5% CH, in our case), the cooling
rate can be utilized to decrease the number of nucleation sites of multilayer graphene on the film (by a
factor of two) and to increase significantly the area covered by sections with 1-2 LG. Further quantitative
analysis (for example, the carbon concentration inside the Ni film for substrates treated with different CH,
exposures and cooling rates) is currently being undertaken in order to gain a deeper understanding of this
process. Nevertheless, our results suggest the possibility of dramatically improving the thickness
uniformity of graphene films by controlling the process parameters in our method. Therefore, ambient
pressure CVD may be a viable route to control the growth of single graphene layers over large scales.

Electronic Supplementary Material: Details of the automated recognition of regions of one- and
twolayer graphene by computer programs using optical images are available in the online version of this
article at http://dx.doi.org/10.1007/s12274-009-9059-y and are accessible free of charge.
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In this work, we demonstrate that graphene films synthesized by chemical vapor deposition (CVD)
method can be used as thin transparent electrodes with tunable work function. By immersing the CVD-
grown graphene films into AuCl; solution, Au particles were formed on the surface of graphene films by
spontaneous reduction of metal ions. The surface potential of graphene films can be adjusted (by up to
~0.5 eV) by controlling the immersion time. Photovoltaic devices based on n-type silicon interfacing with
graphene films were fabricated to demonstrate the benefit of an electrode with tunable work function. The
maximum power conversion efficiency (PCE) achieved was ~0.08%, which is more than 40 times larger
than the devices without chemical doping.

Indium tin oxide (ITO) has been widely used as electrodes in optoelectronic devices such as organic light-
emitting diodes (OLEDs) and photovoltaic cells, due to its high transparency and good conductivity. The
price of ITO has gone up significantly in recent years due to the limited indium resources. In addition, their
chemical and electronic stability and mechanical flexibility limit their applications in flexible electronics [1].
With the emergence of novel flexible electronic devices, there is a growing demand for flexible electrodes,
where conventional materials such as metal conductors and ITO may not reach the required bendability.

Two-dimensional networks of carbon nanotubes (CNTs) have been considered as a candidate to replace
ITO because they possess excellent mechanical [2, 3] and electrical properties [4]. Recently, there has
been tremendous research in the two-dimensional crystal graphene and its derived nanomaterials [5-8].
Graphene sheets can be considered as an unzipped CNT, which has unique physical properties such as
high carrier mobility [5], long phase coherence length [9], fractional quantum Hall effect [10], bipolar
supercurrent [11], suppression of the weak localization [12], deviation from the adiabatic Born-
Oppenheimer approximation [13], etc. On the basis of these unique electronic properties and the two-
dimensional planar structure, graphene also appears as a promising material for transparent electrodes
[5, 14, 15]. Furthermore, besides good conductivity and transparency of the electrode, the performance
and current density for semiconducting electronic devices, such as light-emitting diodes and field-effect
transistors, strongly rely on the carrier injection efficiency through the contact between electrodes and
semiconducting material layers [16, 17]. Therefore, the band alignment between electrodes and
semiconductors and the surface property of the electrode have been an extensively investigated area [18-
20]. Finding a certain conductive material with the desired work function for efficient carrier injection may
sometimes be difficult. Both theoretical and experimental results have demonstrated that the Fermi
energy shift of single-layer graphene (SLG) can be achieved through deliberate doping by aromatic
molecules [21, 22], gas molecules [23], or electrostatic gating [5, 24]. These results suggest that
controlling the work function of graphene electrodes is possible.

36-19



Chapter 36. Nano-Materials and Electronic Devices

Tremendous progress has been achieved for the synthesis and characterization of graphene in the past
few years [25]. Transparent graphene electrodes have been formed by either reducing graphene oxide
[26] or a chemical bottom-up approach, where molecules of giant polycyclic aromatic hydrocarbons cross-
link to form graphene nanosheets [27]. However, the conductivity of these films is still limited [28] and

high enough electrical conductivity is required for good electrodes.

Height SKPM
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0.5 -
0.4
0.3
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Figure 1. AFM images for as-grown CVD-G on 300 nm Ni (A) and those
doped with AuClz for (B) 5 s, (C) 25 s, and (D) 45 s. (A-D'):
Corresponding SKPM images. (E): Surface potential CVD-G on Ni
substrate as a function of AuCls; doping time.

Recently, it has been
demonstrated that continuous
large-area graphene thin films can
be synthesized by vacuum
graphitization and ambient
pressure chemical vapor
deposition (APCVD) methods [29-
34]. In this contribution, we use
graphene films formed by chemical
vapor deposition (CVD-G) as an
ultrathin transparent electrode. We
demonstrated that the work
function of graphene can be tuned
by AuCl; doping. AuCl; is a
commonly used compound in
doping organic conductors. The
Au" can be reduced to Au particles
by the charge transfer from
graphene which results in p-type
doping behavior of graphene.
AuCl; has been chosen for the
stability of its doping effect. The
surface  potential change of
graphene as a function of doping
time was studied by measuring the
contact potential difference (CPD)
using Kelvin probe microscopy.
Silicon photovoltaic devices with
graphene electrodes were
fabricated as a demonstration of
the advantages of using CVD-G
electrodes with tunable work
function.

The images from the atomic force
micrscopy (AFM) in Figure 1A-D
and from scanning Kelvin probe
microscopy (SKPM) in Figure 1A’-

D’ show the effect of AuCl; doping time on the surface morphology and surface potential of CVD-G,
respectively. With longer doping time, it was observed that the size of Au particles became larger and the
morphology changed. The formation of Au particles on CVD-G can be understood from an
electrochemical perspective since the reduction potential of AuCl, ion (1.0 V) is higher than the reduction
potential of graphene (0.22 V) [35]. In aqueous solutions, AuCl; forms a square planar complex, AuCl, ",

and the following reaction takes place on graphene [36]:
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AuClz +3e — Au® | +4CI™! (1)

We noticed that for samples with 20 s doping time, the Au particles uniformly cover the surface of the
graphene film. For less than 20 s doping, Au particles tend to form on the wrinkles and thicker layers of
CVDG [37]. As the doping time increases over 20 s, larger Au particles form and the size distribution of
Au particles becomes broader. The SKPM images in Figure 1 indicate that the measured surface
potential (V) of Au particles is higher than adjacent graphene region (where color contrast is lower), and
the Vy, difference between Au particles and graphene is from ~0.3 to ~0.8 V, depending on the Au
particle size. The Vg, of Au particles is always more positive than that of adjacent graphene regions,
suggesting that the doping caused by Au particles is p-type on graphene (i.e., Au particles receive
electrons from graphene), which is consistent with the chemical reaction 1. This hole doping process
results in the work function shift of the CVD-G. Figure 1E plots the Vg, shift (AVj,) versus various AuCl;
doping times. Since the CPD method relies on the stability of the work function of AFM tips and is also
sensitive to the measurement environment, such as humidity and electric grounding, we took the Vg, as

the averaged value over an area of 1 ym X 1 ym and the as-grown CVD-G film was used as a standard
reference. Thus, AV, value are relative to the pristine as-grown sample:

AVgyr = Vsyr (sample after doping) — Vg (@s-grown graphene) (2)

For doping time less than 20 s, V,,, monotonically increases with doping time to about 0.5 V, and as the
doping time further increases, the Vg, reduces slightly. Thus SKPM data indicate that the work function
of CVD-G can be tuned by chemical doping and exposing to AuCl; results in electrons being withdrawn
from CVD-G by the formation of Au particles, which give rise to an up-shift of V. The surface potential
measurements were consistent with electric transport measurements of CVD-G field-effect transistors in
our previous experiments [38]. The slight down-shift for longer doping time is unclear at this stage and
will be subject to further investigation. One mechanism could be the hygroscopic nature of AuCl; at
higher concentrations. The water molecule could affect the charge transfer behavior between graphene
and AuCls.

The benefit for having a transparent electrode with tunable work function will be demonstrated
subsequently by enhancing the performance of a photovoltaic device. After CVD synthesis, the graphene
films were transferred to n-Si substrates by coating a thin layer of PMMA on top of graphene film. The
underlying Ni film was etched by Ni enchant (TFB commercial etchant from Transene). Then the
graphene/PMMA film was transferred to AuCl; solution for chemical doping. After AuCl; doping, the
sheet resistance of graphene film decreases from 400 to ~100 Q/sq (see [37] for details). The device
fabrication procedure is schematically shown in Figure 2. Using CVD synthesis and the PMMA transfer
method, the size of graphene conducting film can be easily scaled up without a fundamental limit.

Using the PMMA transferred CVD-G film, we fabricated photovoltaic diodes with a structure as shown in
Figure 2. In order to demonstrate the effect of the work function shift on the device performance, the
current density of several diodes under varying biases is compared in Figure 3A. These devices were
measured with and without AM 1.5 illuminations for pristine CVD-G electrode and the CVD-G film with 20
s AuCl; doping. The devices show clear photovoltaic behaviors, which are similar to the previous
reported work of carbon nanotube film/n-Si p—n junction solar cells [39, 40]. Without illumination, both
devices show a typical diode behavior, but the open circuit voltage (V,.) and short circuit current (/s.) are
dramatically improved for the device with 20 s AuCl; doped CVD-G. More detailed AM 1.5
measurements for the devices with various doping time are shown in Figure 3B. The device containing
the 20 s AuCl; doped CVD-G film displays the highest V.. and /.. For longer doping times, both of the
Vo and Isc drop and it can be noticed that for the sample with extremely long doping times, for example,
20 min, the electrical behavior shows no large difference to 30 s doping, which is consistent with the
SKPM results. The device performance as a function of AuCl; doping time is plotted in Figure 3C. The
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device with 20 s AuCl; doping shows the best photovoltaic performance. This observation can be
explained by the SKPM reults in Figure 1E. Figure 3D schematically demonstrated the effect of work
function change of graphene electrodes on the device performance. The work function of graphene is as
large as graphite, ~4.66 eV [24, 41-43], and our SKPM measurement shows that with AuCl; modification
the work function of graphene film can be up-shifted within the range of 0.5 eV.

Transfer to DI Water

CVD-G film
e PMMA/CVD-G film
S10,/S1 wafer
DI Water
Spin coating PMMA
Annealing at 120 °C
PMMA/CVD-G film Transfer to AuCl; for doping

c——— | S——— PMMA/CVD-G film

Si0,/8i wafer
5 mM AuCl; Water solution

Immerge into Ni etchant

Picked up by N-Si wafer

To fabricate devices  ap 15
Ni Etchant
A PMMA/CVD-G fim M
Si0,/S1 wafer :
v J

Figure 2. Schematic diagram of the transferring and device fabrication process. The graphene films are
synthesized by an APCVD method on a SiO/Si wafer (300 nm thermal oxide) with 300 nm Ni film deposited in
advance. The PMMA/CVD-G film was finally transferred to an n-type Si substrate for device fabrication.

It has been reported that a heterojunction can be formed between carbonaceous (or graphitic) thin films
and n-type silicon [44, 45]. Under photoillumination, electron and hole pairs are generated in n-Si, similar
to the case of carbon nanotube/n-Si solar cell [46]; the photogenerated electrons are directed toward the
n-Si, while holes are injected into the graphene electrodes, due to the built-in electric field at the
Si/graphene junction. However, unlike p-type semiconducting carbon nanotube, here graphene is a zero
band gap material and it is simply treated as a metal. Therefore, the open circuit voltage corresponds to
the amount of forward bias on the solar cell due to the bias of the solar cell junction with the light-
generated current. Similar to the case for metal-on Si Schottky barrier solar cell [47], V.. can be
expressed as [48, 49]

Vi = n[qch +(KT/q)in(1s/ A6A* TZ)} @)
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Figure 3. (A) Typical electrical measurement of pristine and 20 s AuCls doped CVD-G/n-Si photovoltaic devices.
(B) Current-voltage plots of the devices with different doping time from 5 s to 20 min under AM1.5 illumination.
(C) Comparison of Isc, Vo, and PCE for different doping time. (D) Schematic illustration of the photovoltaic devices’
band energy diagram (values obtained from [40]).

where n is the diode ideality factor, ®g is the barrier height, T is the working temperature, I is the diode
saturation current, A, and A* are the contact area of the diode and the Richardson constant, respectively.
Thus, the surface potential modification (or work function engineering) of graphene electrodes results in
different barrier heights between Si and graphene, which provides tunability for the V, in the proposed n-
Si/graphene photovoltaic devices. Besides the work function engineering effect, doping with Au particles
affects the output characteristics of the photovoltaic device in several other ways. First, the doping also
affects the carrier concentration of the graphene film, which further changes the sheet resistance of the
graphene film [37]. A reduction in sheet resistance could also contribute to the change of short circuit
current. Figure 3C clearly shows the evolution of V.., I and power conversion efficiency (PCE)
consistent with the Vg, shift in Figure 1E. Also, with a short AuCl; doping time, the Au particle layer is
very thin, and the interface dipole between graphene and Au particles is expected to contribute strongly to
the charge-injection process. With the increase of doping time, other effects such as transparency of the
graphene film and the morphology-induced sheet resistance change need to be taken into consideration
for device integration. A highest PCE achieved is ~0.08%, which is 40 times larger than the device
without chemical doping. This value is comparable with the reported multiwalled CNT/n-Si solar cell
devices [40]. It is suggested that the PCE of devices could be further improved by inserting a suitable p-
type material between n-type Si and CVD-G electrodes or by opening the band gap of graphene. In
summary, the chemical doping with Au particles can control the surface properties of graphene films, and
the surface potential shift is able to explain the electrical characteristics for the diodes.
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In conclusion, our EFM results show that the chemical doping of CVD-G with AuCl; causes a surface
potential up-shift up to 0.5 eV, which is attributed to the hole doping process from Au particles. When n-
type Si is covered by the CVD-G films, photoinduced charge seperation can be observed. The CVD-G
electrodes offer more flexibility in improving electric properties of the photovoltaic devices due to work
function engineering. Our results suggest a new strategy for charge harvesting by graphene films. The
detailed photoelectrical behaviors of CVD-G/semiconducting composite devices, particularly the graphene
electrode contacts are worthy of further investigation. The capability of tailoring electrical properties of
graphene is potentially useful for optoelectronics.

Experimental Section. Few-layer graphene (FLG) film was synthesized by CVD method using 300 nm Ni-
coated Si/SiO, substrates. The Ni substrates were annealed in the CVD chamber with H, and Ar (Ho/Ar =
400:600 sccm) for 20 min at 1000°C. CH, (4 sccm) along with H, (1400 sccm) was then flowed at
1000°C for 5 min to carburize the Ni film. Finally, the Ni film was cooled to 500°C with a cooling rate of
5°C/min under CH4/H./Ar = 4:700:700 sccm, in order to control the thickness of graphene films. For the
as-grown FLG films, one or two graphene layers were formed in most areas (see Supporting Information
Figure S1). Details on the graphene film growth were reported elsewhere [32, 33]. Atomic force
microscopy (AFM), Raman spectroscopy, and transmission electron microscopy (TEM) techniques were
used to characterize the CVD-synthsized FLG as described in [32] and [33]. After CVD-G growth, the
sample was immersed into AuCl; aqueous solution with a concentration of 5 mM for various durations.
Then the sample was rinsed with DI water and blow-dried by nitrogen gas. In order to have a better
grounding, the bottom Ni layer was not removed for the sample used for SKPM measurement.

The surface potential (V) of CVD-G before and after doping with AuCl; was measured by a dual-pass
technique in tapping mode using the scanning Kelvin probe method (SKPM) based on an AFM system
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Dimension 3000 from Veeco Metrology Group with NanoScope Signal Access Module. The measurement
was conducted in air with Olympus (OMCL-AC240TM) Pt-coated cantilevers. The tip curvature radius is
~15 nm, quality factor ~190, spring constant 2 N/m, resonance frequency ~70 kHz, and cantilever length
240 um. The CPD value between tip and sample surface was taken as the averaged value over an area

of 1 ym X 1 uym. The standard deviation of the experiment was 10 mV.

The surface potential study was performed by a dual-pass technique in tapping mode. Topography
information (AFM image) was acquired in the first scan; the second scan was then performed while the tip
was maintained at a constant distance (10 nm above the sample surface). Both a DC signal and an AC
signal at the resonant frequency of the cantilever are applied to the metal-coated AFM probe while the tip
is lifted up. If a potential difference (AVy,) exists between the tip and the sample surface, the signal
creates a varying electrostatic force, causing an oscillating motion in the cantilever. The AVg, is
measured by adjusting the DC voltage until there is no DC potential difference. The DC voltage is
recorded as the CPD value.

Photovoltaic devices were fabricated based on n-Si substrate with a resistivity around 5 Q - cm. The as-
grown CVD-G film was coated with a thin layer of PMMA (~100 nm) by spin coating to avoid the breaking
of graphene film [50]. After etching the underlying polycrystalline Ni with Ni etchant, the PMMA/CVD-G
film was transferred to DI water or additionally 5 mM AuCl; aqueous solution for chemical doping. After
that, the film was transferred back to water and suspended on the surface of DI water. The film was later
picked up by an n-type silicon substrate with an attached insulating glass cover slide. Ti (10 nm) and Au
(200 nm) were evaporated on the top side of the glass slide in advance, which forms the upper electrode
connects to the PMMA/CVD-G film. The rest of the PMMA/CVD-G film was brought in firm contact with
the Si surface after careful blow drying with N, gas. The bottom electrodes were formed by connecting
electrical wires to the back side of Si using silver paint. The area of the PMMA/CVD-G film on top of Si is
3 mm X 3 mm. The photovoltaic devices were irradiated under a solar simulator at AM 1.5 with a light

intensity of 100 mW. Electrical testing was performed by an Agilent 4156C precision semiconductor
parameter analyzer.
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