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Control of the Dirac point in graphene by UV light
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It is experimentally shown that the initially shifted Dirac point in graphene-on-dielectric devices can be

brought to zero by illuminating the samples with UV light. This is much easier to accomplish compared to the

common procedure of annealing at high temperature. Internal photoemission is concluded to be responsible

for the observed effect.
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Graphene demonstrates a unique ambipolar field ef-

fect: the graphene resistance is a symmetric function

of the electric field (the gate voltage Vg). The neutral-

ity (Dirac) point VD of real graphene devices is how-

ever seldom at Vg = 0 due to extraneous doping from

trapped charges in the dielectric [1], adsorbed gases [2],

residues of other polar molecules at the graphene sur-

face after processing [3], or water/oxygen redox couple

[4] due to unavoidable water layer at the hydrophilic

surface of oxidized silicon at ambient conditions. Such

surface contaminations and trapped charges give rise

to a nonuniform pattern of local electric field, which

changes the overall carrier concentration in graphene.

This is seen as a shift in the Dirac point along the

Vg-scale. The shift can be comparable with the break-

down voltage of the gate dielectric, obviously result-

ing in unreliable graphene devices. The common way

of dealing with this problem is to anneal graphene at

temperatures from 200 to 600 ◦C in vacuum- or inert-

gas (or hydrogen)-atmosphere, heating either in oven

or by current [5]. Annealing removes surface adsorbents

and organic residues which results in increased mobili-

ties [6]. However, for graphene on SiO2, for instance, an-

nealing results in a stronger coupling between graphene

and dielectric [7]. Graphene then conformally follows

the nano-scale roughness of SiO2 surface thereby mak-

ing graphene locally bent. The increased curvature of

graphene makes it susceptible to oxygenation in ambi-

ent air [7] leading to hole doping and decrease of mobil-

ity [8]. Also, annealing obviously cannot be performed

when graphene is used in combination with organic un-

derlayers (e.g. polymethylmethacrylate, PMMA) having

low melting temperatures.
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In this report, we show that the Dirac point can be

more readily shifted to zero by illuminating graphene

samples using relatively low-intensity violet/UV-light.

The shift can occur in both directions by applying the

gate voltage of certain sign during the illumination. This

simple technique works for both exfoliated and CVD

grown graphene, and also at low temperatures down to

∼ 20−50K.

Graphene is placed on either 300-nm thick SiO2 ob-

tained by wet oxidation of Si or 90-nm Al2O3 grown

by atomic-layer deposition (ALD) on doped Si wafers.

The electrodes are patterned by e-beam- or photolithog-

raphy, and lift-off of Au/Cr double metallization layer.

The electrical measurements are made in both two- and

four-probe configurations using a small ac excitation

current (30–150 Hz, 50–500 nA), and with lock-in ampli-

fication of the voltage signal. The gate voltage is applied

between one of the current-bias electrodes and doped Si

substrate (the back-gate configuration). The range of

voltages is dictated by the break-down voltage of the

corresponding dielectric, which is found to vary from

sample to sample and is detected by monitoring the cur-

rent through the gate electrode. The Al2O3 gate dielec-

tric is thinner and has higher dielectric constant than

the standard 300-nm SiO2 making gate-voltage range

≈ 6.5 times smaller in the former case.

The experiments with illumination are done in a

close-cycle cryostat with optical windows. Violet laser

with the wavelength λ = 405 nm or light emitting diodes

(LED’s, λ > 460) are used to illuminate samples. The

effect is largely absent when using LED’s with longer

wavelengths. The typical light intensities are from 1 to

10 mW/cm2. It is not possible to assure constant inten-

sity for different samples with the present setup.

Fig. 1a shows how the Dirac voltage VD of graphene

on Al2O3, initially > 2V, shifts after illumination done
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Fig. 1. (Color online) R(Vg)-curves of graphene on

Al2O3/Si substrate at room temperature T = 293K (a)

and graphene on SiO2/Si substrate at T = 10K (b). The

arrows indicate shift of the Dirac voltage (corresponding

to the maximum of the R(Vg)-curves) after successive il-

lumination doses at Vg = 0

at zero gate voltage. It is seen that the curves continu-

ously move in voltage to the left with the Dirac point

eventually ending up at Vg ≈ −1V after ≈ 290min of

accumulated exposure time at ≈ 2mW/cm2 of light in-

tensity. Similar behavior were reported for high-mobility

CVD graphene [9]. This illustrates usefulness of the

method for removing (or compensating for) extraneous

doping in graphene. Fig. 1b demonstrates that the ef-

fect is also present at low temperature. In this case the

sample of graphene on SiO2/Si substrate at T = 10K is

measured. The total light-exposure time is 100 min. The

intensity of light (≈ 10mW/cm2) is several times higher

than in Fig. 1a, which might result in excess heating of

the sample to an estimated temperature of . 30K.

The time evolution of the sample resistance, R(t),

is nearly exponential in time, with sometimes two time

constants (∼20−200 s), which depend on both the ini-

tial conditions and particular sample. However, no clear

pattern of this dependence could be revealed. For the

majority of Al2O3-samples, the shift in the Dirac point

is reversible. Also, the shift and its time evolution are

not symmetric: in some cases it is found that the Dirac

point shifts only to negative voltages, irrespective of the

gate voltage during the illumination.

It is interesting to note that the charge mobility µ

appears to correlate with the position of Dirac point in

the Al2O3-samples. The more negative VD, the higher

the mobility (see Fig. 2). The mobility noticeably in-

Fig. 2. The charge mobility µ versus the Dirac voltage VD

for a number of experiments with UV-illumination, when

VD is shifted in both directions by applying the gate volt-

age of certain polarity. Note that after the initial increase,

the mobility becomes a reproducible linear function of VD

creases while the Dirac point shifts towards negative

voltages immediately after starting the illumination.

During subsequent experiments when VD is positive-

and then negative again, the mobility becomes a repro-

ducible linear function of VD, although not repeating

the initial increase. This indicates that the mobility is

at least partly limited by the charged scatterers in the

vicinity of graphene [10].

The initial position of the Dirac point VD 6= 0 is ob-

viously caused by some charges or polar molecules in
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the vicinity of graphene surface. These can be charges

trapped in the oxide layer or molecules adsorbed at the

graphene surface and/or interface with underlying sub-

strate. The photoeffect seen in the present- and a few

other works [7, 9, 11] is then due to photodesorption of

these molecules or neutralization of the trapped charges.

Ref. [9] only ascertains the effect of UV-light at room

temperature and SiO2, while Refs. [7, 11] focus on the

role of molecular oxygen in doping of graphene and only

mention the effect of UV-light, without analyzing it in

detail or discussing other possibilities.

The mechanism of graphene doping by oxygen [7, 11]

does not seem to agree well with our experiments done

in helium gas and in a wide range of temperatures. Once

being photodesorbed, oxygen molecules are unlikely to

diffuse back and be adsorbed altogether again on the

small graphene area. During the experiments at cryo-

genic temperatures, oxygen is much likely to end up be-

ing adsorbed at the cold walls of the cryostat. At last,

the direction in which the charge-neutrality point moves

under UV-light can depend on the polarity of gate volt-

age during the illumination, which is also impossible to

reconcile with the oxygen-doping model.

A layer of water with some oxygen dissolved in it is

always present in graphene-on-oxide samples prepared

at ambient conditions [12–14]. Oxygen dissolved in wa-

ter gives rise to O2-water redox reactions involving the

transfer of electrons and a few intermediate reactions

yielding peroxide (H2O2) and hydroxyl radical (•OH).

The latter can form charge traps accumulating a net

negative charge at the surface of oxide and attract-

ing a net positive charge to graphene (p-doping). This

has very convincingly been demonstrated experimen-

tally in Ref. [4]. The UV-light induced changes can then

be associated with the internal photoemission removing

trapped electrons possibly resulting in inverse redox re-

actions. There are however several questions that need

to be addressed before ultimately deciding on the very

mechanism of the UV-induced changes in graphene dop-

ing.

First, assuming that the effect has the same origin

for both Al2O3 and SiO2 gate insulators, we note that

the conduction-band offset (ECO, see Fig. 3) is prob-

ably not important for the observed effect. ECO for

SiO2 is slightly larger than the energy of photons of

our 405-nm laser (3.06 eV), while it is smaller than that

(ECO = 2.4 eV) for Al2O3 [15]. This means that if the

effect were to include ECO, it would be much stronger

in the case of Al2O3. Although indeed, it is somewhat

clearer for Al2O3, the corresponding time scales of the

doping change under the illumination are yet not much

different for Al2O3 and SiO2 gate insulators.

Fig. 3. Schematic of the flat-band diagram of the

graphene/oxide/silicon device. w is the reorganization

energy (∼ 1 eV). The band-energy offsets shown are for

SiO2 [15]. a and b – schematically mark the energy levels

of oxide electron traps. The suggestive electron transfer

under the action of UV-light is denoted by the dashed line

Second, the surface chemistry is expected to be dif-

ferent for the two oxides. Little is known for Al2O3,

but in SiO2 the redox bands are some 4.8–5.7 eV below

the vacuum level, depending on acidity of water [4]. The

SiO2 conduction- or valence band edges are, again, quite

distant from the redox states, not allowing the photoex-

cited electrons climb over either energy barriers associ-

ated with oxide band structure. In the case of Al2O3,

the situation is better, and the photoexcited electrons

can, in principle, be thrown into the conduction band

of the oxide. Again, this would mean that the effect has

different mechanism for Al2O3 and SiO2.

The reorganization energy w (the diabatic energy

which is required to arrive at the final state of a chem-

ical reaction without rearrangement of other molecules

around) is about 1 eV [4]. Photoexcited transitions be-

tween the reduction and oxidation states become very

plausible, requiring photons with energy & 2w only. We

note, however, that this energy is a bit low to explain

the wavelength threshold for the effect observed in the

experiment: the blue- and green LED’s (λ = 460 nm

↔ 2.7 eV and λ = 523 nm ↔ 2.3 eV, respectively) pro-

duced no visible effect. Finally, it is not exactly clear

how the reactions are affected by the low temperature.

Naively, when water is frozen the redox chemical reac-

tions involving reorganization of water molecules are ob-

viously becoming unlikely. However, several photochem-

ical reactions in ice have long been known and discussed

in connection with Earth pollution studies [16–18]. It is

also known that the surface layer of water is solid at
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room temperature anyway [12, 14]. This means that the

electron and proton exchange (or tunneling) are possible

under UV-illumination even at low temperature. The di-

abatic energy is then expected to be higher (w∼ 1.5 eV)

than in liquid solutions, also taking into account the

presence of another (graphene) surface which the water

molecules are in contact with.

Another possible explanation for the observed ef-

fect is neutralization of the trapped charges inside SiO2

and Al2O3 by internal photoeffect (see levels a and b

schematically shown in Fig. 3). Indeed, the crystallo-

graphic structures of SiO2 and Al2O3 are not simple,

having many possible defects which could be responsi-

ble for trapping of both positive and negative charges

[19, 20]. Many scenarios – some controversial – surround

the nature of charge trapping, charge neutralization,

and UV-induced reactions in SiO2. These have been

discussed in regards to the performance and reliabil-

ity of MOSFET-transistors. Examples of these proposed

mechanisms include the appearance of defects (E′- and

V +
0 -centers), injection of photoemitted electrons from

the valence or conduction band of Si into conduction

band of SiO2, and UV-induced water- and oxygen dis-

sociation inside SiO2. However, the majority of experi-

ments related to studies of radiation-induced changes in

SiO2 have been done using vacuum UV (λ ∼ 250 nm).

The energy of such photons (≥ 4.8 eV) well exceeds an

offset between conduction bands (CB’s) of SiO2 and Si

(3.3 eV) allowing for internal photoemission. Photons in

our experiments (λ = 405 nm ↔ 3.0 eV) almost reach

the band offset, with resort to the fact that the band

edge is not sharply defined in disordered SiO2. More-

over, oxygen vacancies in the thermally grown SiO2 can

reach densities of 1019 cm−3 [19]. Such vacancies intro-

duce an empty level at ∼ 0.8 eV below the conduction

band which is broadened by the randomness of vacancy

positions and uneven mechanical strain [21]. CB off-

sets in ALD-Al2O3/Si thin films can also be sufficiently

small (2.2–2.8 eV), making the internal photoemission

even more plausible [20]. Furthermore, a high density

of charge traps were found at the oxide-Si interface for

such thin films [22].

To study oxide charging, we use a few mm2 large

CVD graphene in qualitative capacitance versus dc gate

voltage (C–V ) measurements. The CVD graphene is

grown on a copper foil and transferred onto 7 × 7mm2

SiO2/Si after the foil is wet-etched away. The Dirac

point of this sample is far above the voltage limit (40 V)

which we normally use in our measurements (see Fig. 4b,

two-probe measurements).

The C–V measurements at 75 kHz shown in Fig. 4a

reveal a step-like dependence indicating accumulation,

Fig. 4. (Color online) The capacitance C of a parallel-plate

capacitor made of a CVD graphene on Si/SiO2 substrate

(a) and the graphene resistance (b) as functions of the

back-gate voltage Vg after an intense broad-spectrum illu-

mination. The device is illuminated at room temperature

in steps of ∼10min at different Vg’s indicated in paren-

thesis. C(Vg) (at 75 kHz) and R(Vg) (at 37 Hz) are mea-

sured after each step. The arrows and numbers marking

the curves illustrate a sequence of illumination events re-

sulting in the shown curves

depletion, and inversion regimes typical for metal-

oxide-semiconductor (MOS) structures. The flat-band

voltage VFB corresponding to the C–V step witness to

the presence of trapped charges in the oxide layer [23].

We illuminate the graphene-electrode capacitor in pe-

riods of 5–10 min by using an ultra-high-pressure mer-

cury lamp from a common LCD projector. The lamp

produces a broad-band light with wavelengths down to
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300 nm. The illumination is done at non-zero Vg, allow-

ing shifts of the Dirac point in both directions. Fig. 4

shows the obtained dependencies.

VB appears to qualitatively correlate with the

changes in R(Vg) after the illumination steps. The kink

moves to the left or right after the illumination at Vg < 0

or Vg > 0, respectively. Assuming a uniform distribution

of the oxide-layer charges, we can estimate their total

areal density from VFB (the upper abscissa of Fig. 4a).

Such photo-induced charging- and neutralization of di-

electrics were reported in the literature earlier [24, 25].

However, there is no exact one-to-one correspon-

dence between the changes in R(Vg) and C(Vg). We can

observe an increase in resistance but no change in VFB

(compare curves 1 and 2 in both panels). While the re-

sistance change saturates, |VFB| continues to increase

with illumination dose (e. g. curves 3 and 4). Light from

the 405-nm laser only affects R(Vg) but not C(Vg). All

this tells us that also charges at the graphene surface

are important, as outlined above. To make an exact dis-

tinction between various contributions would require a

rigorously characterized graphene surface.

In conclusion, we routinely use UV-illumination to

bring the Dirac point of graphene-on- dielectric devices

to zero gate voltage from an initial non-zero state. This

easy method works for both Al2O3 and SiO2 gate di-

electrics, and for both CVD- and exfoliated graphene.

It bypasses the need to anneal graphene devices which,

in many cases, either cannot be used because of e.g.

low melting point of materials used in the devices or

can even damage graphene itself. The most probable

explanation for the effect is an internal photoeffect in-

volving oxygen/water redox couples at the interface be-

tween graphene and oxide gate insulator of the silicon

substrate. We believe that our experiments might also

contribute to studies of photoinduced charge transfer in

oxides and their surfaces by using graphene as a charge-

sensitive material.
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