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CARRIER TYPE REVERSAL
OF GRAPHENE MULTILAYERED THIN FILMS

Graphene has unique two-dimensional structure, high surface area, and remarkable chemical
stability. Graphene oxide (GO) produced by the Hummers method was reduced to graphene
by pulsed laser deposition (PLD). The graphene specimen in the form of a powder and a
multilayered structure is studied. X-ray diffraction of graphene is interpreted to elucidate its
short-range order and to calculate the number of layers of graphene. Electron diffraction and
transmission electron microscope studies elucidate the short-range order nature of deposited
graphene. The temperature dependence of the Seebeck coefficient (S) indicates the carrier type
reversal (CTR) from the n- to p-type, by starting from 60 °C. CTR is affected by the applied
voltage, frequency, and temperature. Distinct oscillations in the Seebeck coefficient thickness
dependence are observed and attributed to the size quantization effect in graphene layers. The
velocity, mobility, and electrical conductivity are measured and calculated to complete the trans-
port properties of graphene.
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1. Introduction

The graphene properties have been studied due to its
unique physics and important applications in many
electronic devices [1-8]. The preparation method of
graphene affects its properties. Important applica-
tions have been done, by using different methods [9,
10]. Graphene is a new condensed promising material
with very good physical properties [11-15]. The vari-
ation of the preparation methods of graphene allows
one to synthesize graphene easily and economically,
by using the chemical vapor deposition (CVD) [16],
mechanical exfoliation (repeated peeling) of graphite
[17], chemical intercalation and exfoliation of graphite
[18, 19], and thermal expansion of graphite [20]. The
effect of the graphene structure on its physical prop-
erties was investigated in [21-22]. The structural and
electrical properties of graphene in different forms at
different temperatures were studied in [24], by using
the four-probe method. It was that the graphene re-
sistivity decreases rapidly with temperature. The ef-
fect of the metal interaction that affects the band
structure and the binding energy of graphene layers
was investigated in [24].
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Monolayer and bilayer graphenes [25, 26, 27| are
gapless two-dimensional semiconductors [28, 29, 30],
whereas three-dimensional graphite is a semimetal
[31, 32, 33]. Hence, the dimensionality effects for
the unique substance can be studied [34]. Monola-
yer graphene has a very simple electron band struc-
ture. Near the energy € = zero, the energy bands are
cones at the K points in the two-dimensional Brillouin
zone with the constant velocity parameter equal to
108 cm-s~!. Such degeneration is conditioned by sym-
metry. Carbon has four electrons in four hybridized
bondings (25', 2P}, 2P,, 2P}) that are able to
form covalent chemical bonds. In a two-dimensional
graphene, three carbon electrons form strong in-plane
SP? bonds, making a honey-comb structure, and a
fourth electron spreads out over the top or the bot-
tom of the layer as a 7 electron [35].

2. Experimental Work

Graphene oxide (GO) was synthesized from natural
white graphite (Sigma-Aldrich) by a modified Hum-
mers method [36, 37]. The GO paste collected from a
filter paper is dispersed in deionized water (600 ml) by
ultrasound (70% amplitude for 1 h). The suspension
is washed with deionized water 5 ~ 7 times for five
days by decantation. Finally filtered, well-washed GO
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paste collected on a filter paper is re-dispersed into
water by the ultrasonication. The obtained brown
dispersion is then subjected to the centrifugation for
30 min at 5000 rpm to remove any un-exfoliated
GO. Graphene oxide was obtained by the dehydra-
tion at 60 °C. Afterward, a one-layer graphene film
was grown on glass substrates by the pulsed laser de-
position technique. One g of dark brown graphene ox-
ide sheets was loaded for the PLD experiment. The
energy of a laser destroys the O bonds in graphene
oxide, and graphene was precipitated on glass slides
[38]. A titanium sapphire femto-second laser with a
wavelength of 800 nm, pulse duration of 40 fs, aver-
age pulse energy of 220 mW, and maximum repeti-
tion rate of 1000 Hz was used. The glass substrates
were separated from the target at a distance of ap-
proximately 9 cm with a rotation speed of 8 rpm
to guarantee a homogeneous consumption for a typi-
cal irradiation time of 20 min. The deposition cham-
ber was evacuated to a base pressure of approxi-
mately 8.4 x 10~ Torr. The maximum temperature
of the glass substrates was 200 °C. UV /VIS absorp-
tion and transmission (normal incidence spectrum)
were measured using a T80+ UV/VIS spectrome-
ter (PG Instruments Ltd.), whereas the transmission
and electron diffraction measurements were done by
a JEOL-TEM model: JEM-1230. To determine the
conduction type of graphene, a special circuit was
designed. The circuit is operated from a sine wave
function generator, the type of conductivity is deter-
mined by the shape of volt-ampere characteristics on
the oscilloscope screen.

3. Results and Discussion
3.1. Structure

Graphene, as a single atomic layer of sp?-hybridized
carbon arranged in a honeycomb structure, is a two-
dimensional allotrope of carbon. The electron micro-
graph of graphene thin films is presented in Fig. (1, a)
which shows the layered structure with nanoparti-
cles distributed on its surface. The electron diffrac-
tion pattern of a graphene powder demonstrates the
short-range order, as it is confirmed by the existence
of halo rings seen in Fig. (1, b). The specimen in-
vestigated by TEM shows nanocrystalline particles
with dimensions between 2-4 nanometers disturbed
among short-range ordered layers. The X-ray diffrac-
tion spectrum of graphene thin film (Fig. (1, ¢)) shows
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Fig. 1. Transmission electron microscope image for powder
multilayered graphene (a). Electron diffraction image for pow-
der multilayered graphene (b). XRD after the pulsed laser de-
position for a thin-film specimen (c)

a steep hump at 20 = 26-27° which is characteristic of
graphene [39]. The distance between graphene layers
can be calculated based on Bragg’s law [41], the mean
crystallite size can be determined from the Scherrer
equation [40, 41].

A
Bocosd’

Here, Ly is the mean dimension of a crystallite
perpendicular to [hkl| plane, By is the full width of
the peak at half maximum in radiance, and A is a
constant equals to 0.89 [42]. The number of graphene
layers (N) can be obtained using the relation [42]

(1)

Lpp =

N = Lkt @)
Anki

Here, d is the interspacing between planes of the
lattice. The average calculated number of graphene
layers was found to be 6 according to relation (2).
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4. Thermoelectrical Properties

The thermoelectric data in Fig. 2 reveal that the thin
film shows the n-type conduction at room tempera-
ture. The conduction type starts to change from n- to
p-type at 60 °C. The charge density of graphene can
be tuned continuously between electrons and holes,
whereas the electron mobility remains high even at
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Fig. 3. Temperature dependence of the Fermi energy

Temperature dependence of the efficiency
of graphene as a thermoelectric energy converter

Temperature, °C 30 | 50 | 68.6 | 77.5 | 87.7 | 95
Optimum thermoelectric

efficiency, % 51|49 | 66.8 | 52.5| 31 |42.5
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high carrier concentrations [43]. The carrier-type re-
versal is caused by a change in the Fermi-energy level
with a change of the temperature, as it is presented
in Fig. 3. The Fermi energy can be obtained from the
thermoelectric power curve using the relation [44]

K D

Here, n = Er /KT, Er is the Fermi energy, K is the
Boltzmann constant, T is the temperature in Kelvins,
S is the Seebeck thermoelectric power coefficient, ¢ is
the electron charge, D is the dimensionality factor
equal to 2 for two dimensions, and r is the scatter-
ing parameter = 2/3 [44]. The Q-factor Z can be
determined from [45]

S2
= p?.

Z (4)
Here, k is the thermal conductivity, and p is the elec-
tric resistivity.

The maximum efficiency (Q) can be calculated
from the relation[45]

Q_ézxﬂ+ZT—l
Tn VT+ZT+ 7

Here, AT = T}, — T,., where T}, is the temperature of
the hot end of the specimen, and T, is the cold end
temperature. The data on the temperature depen-
dence of the thermoelectric efficiency is represented in
Table [1]. Like all heat engines, the maximum power
generation efficiency of a thermoelectric generator is
thermodynamically limited by the Carnot efficiency
(AT/T},). Combining the substructure approach with
the nano-structuring seems to be the most promising
method of achieving a high Seebeck coefficient. In the
case of a degenerate electron gas, the conductivity [46]
can be calculated according to the Mott equation (6)

g_ |:’/T2K2T:| <8Ln(0))' ()
3e 8Ef

Here, o is the electrical conductivity. Figure 4, a

shows the relation between the conductivity and the

temperature obtained according to Eq. (6). This fig-

ure indicates the switching from a low resistance value

represented by R, to a high resistance value repre-
sented by Rof, where Ron < Roff (0on >> 0of). The

()
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Fig. 4. Electrical conductivity vs. temperature (a). Transient
electrical resistance vs. time and applied voltage (b)

temperature, at which the switching occurs, is 60 °C
that is the same temperature, at which the carrier
type reversal from n- to p-type happens. A model for
thermoresistance function for thin films [47] is pre-
sented by

(7)

Ma(0) = R (1-200).

The variation of the resistance with the time and the
voltage is presented in Fig. 4, b. Here, p is the mo-
bility of carriers in a film, ¢ is the time in seconds,
and d is the film thickness. It is assumed that the os-
cillatory behavior of the observed dependence of S
on the thickness shown in Fig. 5 can be attributed
to the quantum size effect taking place in graphene
layers, when its thickness becomes comparable to the
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Fig. 6. Drift velocity of charged carriers vs. temperature
(@). Drift mobility of charged carriers vs. temperature (b)

de Broglie wavelength represented as
Ad:)\f/zzh/\/sm*Ef. (8)

Relation (8) represents a change in the thickness Ad
with the Fermi energy level. Calculations of the thick-
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Fig. 7. Examples of n- and p-type conductivities are shown
in (a) and (b). Transition of the conduction from n- to p-type
is at 200 Hz (c)

ness were done theoretically from relations (8) and
(9) and showed its variation with the temperature
from 3 to 5 nm. This change determines the oscil-
latory behavior of the density of states as a func-
tion of (d), which leads to oscillations in the ki-
netic and thermoelectric characteristics [48]. In or-
der to determine the mobility, we used the following
procedure. Voltage V applied to the graphene layer
in the source-drain direction causes the visible-light-
generated carriers to drift; thereby, it produces a
photo-current I, in the circuit. This current is easy
to be determined through an oscilloscope circuit dur-
ing its life-time; every charge carrier passes 7/tg,
times through graphene, where 7 is the carrier life-
time, and tg4, is the transient or drift time of the car-
rier, which equals

Lot _r
var  pE Vo

tar = (9)
From this equation, the velocity and, consequently,
the mobility of carriers as functions of the tempera-
ture are calculated; they are presented in Fig. 6, a, b.

5. Recording the CTR Phenomenon
in the Alternative Current Range

A very fascinating experiment [49] was done to re-
veal the CTR in a graphene layer by changing
the frequency applied to it. The oscilloscope record,
Fig. 7, a, b, represents the standard n-type and p-
type conduction specimens. If the probe of a signal
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generator is applied to an n-type specimen, a large
forward current begins to flow through the metal-
semiconductor contact during positive half- cycles
causing a considerable voltage drop across the ver-
tical electrodes of a cathode-ray tube. The electron
beam is abruptly deflected upward. Since the forward
voltage drop and the voltage applied to the horizon-
tal electrodes (connected in parallel to the metal-
semiconductor contact) are relatively small, the elec-
tron beam traces out a practically straight line upon
an oscilloscope screen from the center upward. During
the negative half-cycles, the metal-semiconductor
contact is connected in the reverse direction, and
a small reverse current, which causes only a slight
voltage drop across the resistance, flows. Thus, the
entire voltage becomes concentrated at the metal-
semiconductor contact. The electron beam traces out
a horizontal straight line on a screen from the cen-
ter to the left. Consequently, the image on the os-
cilloscope in Fig. 7, a represents the voltage-ampere
characteristic of the metal-semiconductor contact.

If the specimen is a p-type semiconductor, the re-
verse and forward directions correspond, respectively,
to positive and negative half-cycles. The correspond-
ing straight lines on the oscilloscope screen run in the
opposite directions from the screen center, as shown
in Fig. 7, b.

Figure 7, c for a graphene multilayered as-prepared
film shows a negative upward vertical part, which
represents the n-type conduction. A right horizon-
tal part for the graphene specimen represents a pos-
itive p-type conduction. This indicates the carrier
type reversal in the graphene specimen, where the
first half-cycle corresponds to the n-type conduction
(as-prepared specimen). Then it turns to the p-type
conduction in the second half-cycle at the frequency
equal to 200 Hz.

6. Conclusion

The surface morphology of graphene powder is studi-
ed, by using TEM and electron diffraction. This stu-
dy indicates that the graphene specimens are com-
posed of 6 layers with nanoparticles distributed over
the short-range ordered structure with dimensions
around 2-4 nm. Thermoelectric properties of graphe-
ne indicates a carrier type reversal at 60 °C. The curve
of the thermoelectric power reveals the oscillatory
behavior vs. the temperature and the thickness. The
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oscillatory dependence of the thermoelectric proper-
ties on the thickness is attributed to the quantum
size effect. Conductivity shows the switching beha-
vior (from oo, for high conductivity to oog at low
conductivity) at 60 °C at the CTR point. The car-
rier type reversal in the ac-range is recorded, by using
an oscilloscope special circuit at 200 Hz. The results
obtained can be used in the fabrication of a new ge-
neration of p — n junctions depending on the carrier
type reversal.
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3MIHA TUITY HOCIIB ¥ BATATOIIIAPOBUX
TOHKUX IIVIIBKAX I'PAGEHY

Pesowme

I'pacden mae yHiKaabHYy ABOBHMIDHY CTPYKTYDPY, 3 BEJIMKOIO
IJIOIIEI0 TTOBEPXHi 1 3HAYHOK0 XiMiuHOW crabinbHicTio. OKHC
rpadeHy, OTpUMaHUIl MeTOJOM XaMMepca, OyJI0 BiTHOBJIEHO 10
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rpadeHy i3 3aCTOCYBaHHSIM IMITYJIbCHOI'O JIA3€PHOIO HAIUJIEH-
. JocaiKyBanucs 3pa3ku rpadeHy y BHUIVISAJ] HOPOIIKY i
GaraTomapoBol CTPYKTypu. BUKOHAHO PEHTIE€HOCTPYKTYPHUM
aHaJ1i3 rpadeny i 3’ sCyBaHHs HAsBHOCTI OJIM>KHBOIO MTOPSJI-
Ky 1 BusHadenHs umncia mapis. IIpupona Gan»KHBOrO mopsifi-
Ky 3HaiijieHa mMeTojamu audpakiil eJeKTPOHIB i mpocBidyio-
4901 eJIeKTPOHHOI MiKpockomil. 3aJiexkHicTh Koedinienta See-
Oeka BiJI TeMIlepaTypu CBiYUTH PO 3MiHYy THUILy HOCIIB 3 n-
Ha p-tul, noynHaodn 3 60 °C. BupyeHo 3ajieKHICTD IIi€l 3Mi-
HU BiJ 9acTOTH, HAIPYTH i TeMueparypu. Bussieni ocrussil
3aJiexkHOCTI KoedimienTa 3eebeKka Bij TOBIIMHM BiAOBIIAIOTH
edeKTy po3MipHOro KBaHTYBaHHS B Iapax rpadeny. Bumips-
HO i po3paxoBaHO TaKi TPaHCIOPTHI BJIACTHUBOCTI rpadeny, sik
MIBUJKICTh, PYXJIUBICTD 1 €JI€KTPUYHA [TPOBITHICTD.
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