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HIGHLIGHTS

» We study the mechanisms of photoconductivity in graphene layer-graphene nanoribbon-graphene layer (GL-GNR-GL) structures.
» We develop the device model for GL-GNR-GL photodiode.
» The GL-GNR-GL photodiodes can effectively detect infrared and terahertz radiation at room temperature.
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We study the mechanisms of photoconductivity in graphene layer-graphene nanoribbon-graphene layer
(GL-GNR-GL) structures with the i-type gapless GL layers as sensitive elements and I-type GNRs as bar-
rier elements. The effects of both an increase in the electron and hole densities under infrared illumina-

Keywords: tion and the electron and hole heating and cooling in GLs are considered. The device model for a GL-
Infrared detector GNR-GL photodiode is developed. Using this model, the dark current, photocurrent, and responsivity
Graphene . are calculated as functions of the structure parameters, temperature, and the photon energy. The transi-
g;zﬂ’:;‘:mﬁm“bm" tion from heating of the electron-hole plasma in GLs to its cooling by changing the incident photon

energy can result in the change of the photoconductivity sign from positive to negative. It is demon-
strated that GL-GNR-GL photodiodes can be used in effective infrared and terahertz detectors operating
at room temperature. The change in the photocenductivity sign can be used for the discrimination of the
incident radiation with the wavelength 2-3 pm and 8-12 pm.

Dark current

© 2012 Elsevier B.V. All rights reserved.

1. Introduction [6-15]. In the photodiodes and phototransistors based on graphene
nanoribbon structures considered previously [8,16], these struc-
tures play the role of the absorbing region. However, to achieve
appropriate responsivity in such devices, a large number of rela-
tively long GNRs (about the wavelength of incident radiation) or

special optical antenna are required. In this paper, we consider

Due to the gapless energy spectrum, graphene | 1] absorbs elec-
tromagnetic radiation from the terahertz to ultraviolet spectral
range (see, for instance, Refs. [2-4]). The fairly high quantum effi-
ciency of the interband transitions in graphene [2| and particularly

in multiple-graphene layer structures 5] promotes the creation of
novel effective infrared (IR) and terahertz (THz) photodetectors.
Several concepts of IR/THz photodetectors, utilizing graphene
single-and multiple layer structures as well as graphene nanorib-
bon structures (photoconductors, photodiodes, and phototransis-
tors), have been proposed, evaluated, and studied experimentally
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graphene photodetectors which comprise two undoped (i-type)
gapless graphene layers (GLs) (absorbing regions supplied by the
side contacts) and connected with each other by a graphene nano-
ribbon (GNR) or an array of GNRs with a finite band gap (undoped
wide-gap barrier region of the I-type). The device structure of such
a graphene layer—graphene nanoribbon-graphene layer (GL-GNR—
GL) photodiode under consideration and its energy diagram are
shown in Fig. 1. In this device, the incident radiation is absorbed
by GLs. This results in an increase in the electron and hole densities
in these regions. The latter leads to an increase of the thermionic
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Fig. 1. Schematic views of (a) GL-GNR-GL photodiode and (b) its energy diagram
under bias voltage V (wavy arrows correspond to interband transitions due to
absorption of photons in GLs, smooth arrows indicate propagation of electrons and
holes above the pertinent barriers in GNRs).

electron and hole currents across the energy barrier formed in
GNRs, i.e, to the appearance of the photocurrent. The presence of
the GNR(s) and the pertinent energy barrier provides an opportu-
nity to control (reduce) the dark current. In illuminated GLs, a
marked portion of the absorbed optical energy goes to the electron
and hole energies. This can normally result in a heating of the elec-
tron-hole system and, hence, in an extra increase in the current
over the barrier. The variation of the current associated with the
deviation of the electron and hole temperature T from its equilib-
rium value T, can be pronounced. However, the situation can be
even more complex. At elevated (T, = 100K) temperatures, in
contrast to what is going on at low temperatures [6], the interband
transitions associated with optical phonons can be the dominant
mechanism of the recombination [17]. The energy relaxation of
electrons and holes in GLs can also be mainly due to interaction
with optical phonons [18]. As a result, the optical photons emitted
by the photogenerated electrons and holes can accumulate in GLs.
This implies the heating of the optical phonon system. The devia-
tion of the optical phonon system from equilibrium can also affect
the interband generation-recombination processes. The latter can
lead to both the heating the the electron—hole system and its cool-
ing depending on the energy of incident photons h@2 adding com-
plexity to the photodetector spectral characteristics. Thus, the
accounting for the optical phonon heating appears to be indispens-
able [19,20].

2. GL-GNR-GL photodiode model and the pertinent equations

We consider the undoped device structure shown in Fig. 1 witha
symmetrical electron-hole system i.e., the GLs and GNRs are un-
doped. The width of GNRs is chosen to provide necessary energy
gap 4; It is assumed that the intraband absorption in GLs and the
interband absorption in GNRs are insignificant (this issue is dis-
cussed in the end of the paper). The intercarrier scattering time is
sufficiently short to provide fast maxwellisation (fermisation) of
the photogenerated electrons and holes. We also believe that the
intraband and interband (generation and recombination) relaxation
is associated with optical phonons (of one type), that corresponds to

a high temperature (room or somewhat lower temperatures)
operation.

In such a situation, the electron and hole distribution functions
in GLs are equal and given by f={exp[(c— &)/T] +1} ". Here
&= typ is the energy of electrons and holes with the momentum
P, tw=10* cm/s is the characteristic velocity of the GL energy spec-
trum, &fis the quasi-Fermi energy, and T is the effective tempera-
ture (in the energy units). In the case under consideration, the
optical phonon system can also be far from equilibrium, so that
the distribution function of optical phonons .47 can markedly
deviate from its equilibrium value 4 = |exp(hwq/To) —1]7",
where hayg =~ 200 meV is the energy of optical phonon in GLs.

The quasi-Fermi energy of the electron-hole plasma &, its effec-
tive temperature T, and the number of optical phonons .47 obey
the equations presented as [19,20]

Rgll‘ei’ == GQ, (]J
heo (RY™ +Ry™ ) = Gohe2, 2)
hwy R*™ — hQ G, 3)

These equations govern the balance of the electron-hole pairs,
the balance of the energy of the electron-hole system, respectively,
as well as the optical phonon balance. Here, Ry"™ . Ri'™, and R%*
are the rates of the pertinent processes. Eq. (3) explicitly takes into
account that all the energy received by the system from radiation
goes eventually to the thermostat. Neglecting the effect of Pauli
blocking at the interband optical transitions, the rate of optical
generation of electron-hole pairs is given by [21]

Go = ma tanh (i—?)l. (4)

Here, I is the photon flux of radiation and « ~ 1/137 is the fine
structure constant (so that the absorption coefficient is equal to
o ~ 0.023).

As previously [19,20], for the terms R™ and R, we use the
following simplified expressions:

e T . 2¢&5 — haxg :
R _T.gm|(.,«0 ; 1)exp( = ) .xvo].. (5)
= 17;3“ (Ao+1)exp (— I%) - AfnJ. (6)

Here, Zo=n(To/htw)?/6 is the equilibrium electron and hole
density, T T » 7,4 are the times of the interband and intra-
band phonon-assisted processes, and T, is the characteristic time
of spontaneous emission of optical phonon. Some difference in
Tieer and ™ is mainly associated with the features of the density
of states. In equilibrium, i.e., at 49 = 47, & = 0, and T=T,, from
Egs. (6) and (7) one obtains R"" — Ri™™ — 0.

The rate of optical phonons decay due to the anharmonic contri-
butions to the interatomic potential, resulting in the phonon-pho-
non scattering and in the decay of optical phonons into acoustic
phonons and is assumed to be in the following form:

ay _ Zo(ANo— A7
Rge _T)‘

where Tg"‘“" is the pertinent characteristic time. Considering high
heat conductivity of GLs [22], the lattice temperature, i.e. the tem-
perature of acoustic phonons, is assumed to be equal to the temper-
ature of the contact T.

(7)

3. Variations of effective temperature and quasi-Fermi energy
under illumination

Solving Egs. (1), (3), and (7), we obtain
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Here we have introduced the characteristic photon flux

Iy= 42 2y Nexp( nwn)wa Xy

TroLTineer Ty ) @ mogiver’

and the parameter 5 — e jginter,
For the relatively low intensities of incoming radiation (so that T
is close to T and & is close to zero), from Eqs. (1)-(8), we arrive at

T—To _ To | decayf R e,,(_Q )} (hs}!)
T, _hwﬂ M (wu)”h‘ o 1] | tanh aT, ) I’ (9

& 1 Q he2y I
Ty "_”“ (__])]wh(m)ﬁ' (10)

Here we have introduced the parameter 1, = ti™ /T, At gp< T,
one obtains 1, = 7 = (hwo/7 To)*/(1 4 2.19To/hax), so that at
To=300K, P‘.if,qﬂ 5[19].

As follows from Eq. (9), the effective temperature increases (the
electron and hole heating) with increasing I in the radiation fre-

quency range !3>mo(1 — Mo mg) and decreases when

Q< ﬂ)n(l = r}ﬁ""“"mo) Setting o= 5 and 72 — 1—3 [17], we find

that at these parameters the heating of the electron-hole system
changes to its cooling at a certain photon energy h€2,, where the
latter is in the range hQ=hg;=80-160meV. In the case of
instantenieous decay of nonequilibrium optical phonons

decay
(ﬁ'o :
strate, the cooling of the electron-hole system occurs at

h€2g =200 meV. This is because when r,-g“"" 0, i.e., the optical
phonon system does not deviate from equilibrium, every act of
the electron and hole photogeneration supplies the electron-hole
plasma with the energy hQ, while every act of recombination
(due to the emission of optical phonons) decreases the energy of
electron hole plasma by the value of hawg. When #® is finite,
some heating of the optical phonon system occurs. The interaction
of electrons and holes with a hot (or warm) optical phonon system
contributes some heating of the electron-hole plasma. The change
in the quasi-Fermi energy sign takes place when £ becomes larger
than (1 +#,"). Assuming 1o =5, we find that the freezing out of
the electron-hole plasma (decrease in its density under the effect
of illumination) is possible if £2 > Gwyg/5, i.e., when hQ2 > 360 meV.
It is instructive, that a decrease in the electron-hole plasma
density occurs when T > Ty. This is because an increase in T leads
to an increase in the rate of recombination involving optical
phonons.

U) due to, say, their interaction with phonons in the sub-

4. Dark current and photocurrent

Consider the devices with sufficiently narrow GNRs in which
the majority of electrons and holes are concentrated in the lowest
subband of the conduction band and the topmost subband of the
valence band. Taking into account the one-dimensional electron
and hole transport in GNRS, the sum of the electron and hole cur-
rents through N parallel GNRs is equal to

8eN
I=30h

xfa:d{-:rm{lexp(mf EF)-H] I—exp

Ecnk — & — eV :

(7?, )+I] }
(11)

Here e is the absolute value of the electron charge, tong= is

the dispersion low or electrons and holes in GNR, and Ag= Apgg
—eaV = A[2 — eaV, where Apg~ A[2 is the barrier height when

V=0, A x2nhuvw/d is the energy gap in GNRs, d is the GNR
width, and a<1/2 is a positive coefficient determined by the ef-
fect of barrier lowering under the applied bias voltage V>0 (the
barrier form factor). For a parabolic barrier a ~ 1/2, while for a
smooth barrier (long GNR), this coefficient can be markedly
smaller.

After the integration, Eq. (11) can be presented as

4eNT

{ln

==~ {In|exp (SF }AB) ¥ lJ —In |exp (7&_ A;f — eV) + 1”

:4eNT xp( IAB) 1—exp( EJY)]_
(12)

mh
As follows from Eq. (12), the current in the absence of illumina-
tion Jg (dark current) is given by

ju~4f;N exp( 2;', )exp (ET:/) lI—exp (—{;_—:)]. (13)

Assuming A=50meV, V=50mV, a=1/2, and N=1, for
To=200-300K from Eq. (13) we obtain J, ~ (3.47-4.56) » 10 8 A,
An increase in the GNR energy gap A leads to a significant drop
of the dark current. At small values of the barrier form-factor a,
the voltage dependence of the dark current becomes rather weak
at eV > T,.

Since (T — Ty)/Ty and &g T, are small, the variation of the current
through one GNR J — J, (photocurrent), can be presented in the

following form:
j-juﬂ_fd::cxp( jf:,—_n)cxp(m:) 1 cxp( ﬁ;-’)”(hf]-:wi [)(T Tu)u;FJ. (14)

Substituting the expressions for T— Ty and & given by Egs.
(9)-(14), we obtain

4eNTy

Y (80 ]
A,u+r.,—eav o S AJ24+Ty—eaV 1 (.Q 1
* (71“0., )a"n ”0(71@., ‘i) L) *+3
he [
xtanh( 4'-"») L
(15)
5. Responsivity

Using Eq. (15) for the responsivity Ry = (] — Jo)/Sh€2 I of a photo-
diode with N GNRs and the GL areas S, one can find

~NR“exp(ETV) |] —exp (—%)]

A2+To—eaV\ Q oy Af24+Ty—eaV 1\ Q 1
‘( hevg @10 +q"( 2 ( =Ll

haog wy
vt [39),
(16)
Here
4e Ty A
% = (ansi) (50) =° (5r;)
Agtiiere h Do A
- (s ) (o) 2 () & (-1, (7)

The quantity (Zo/T4™") exp(—hwy/Te) = G is the rate of the
interband generation of electron- hole pairs due to the absorption
of optical phonons in graphene in equilibrium. Expressing R}) via
Gy, Eq. (17) can be presented in the following form:
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Fig. 2. Spectral dependences of normalized responsivity of a GL-GNR-GL photo-
diode with single GNR (N = 1) at different values of the GNR energy gap A.

4o e Ta
R = (h Gf,“S) (hwa)' (18)

At To=300K it can be estimated as [17] GJ' = 10*' cm 257",
Assuming § ~ 12/2 = 0.5 x 107 cm? (4 is the radiation wavelength)
and 4 = 50 meV, we obtain R’ ~ 1.16 x 10~ A/W. Setting a = 1/2,
qgm““ =1-3 [19], h&2=100meV, and V=50mV, we obtain
Ry~ (2.5-3.0) x 10 ? A/W. One can see that at the parameters un-
der consideration, the photocurrent is positive (the current in-
creases with increasing intensity of radiation).

The characteristic responsivity RJ'.) as well as R; dramatically in-
crease with decreasing temperatures if A < 2Zhwg ~ 400 meV. This,
first of all, is associated with a drastic (exponential) decrease in
the rate of the optical phonon mechanism of recombination and
generation (factor G3! in Eq. (18)). As the dark current, the respon-
sivity is a weak function of the voltage if eV > Tj.

One can see from Eq. (17) that the responsivity is a function of
€2 changing its sign at a certain frequency €2,. For qgm“' =0,1,and
3 one obtains he2, = 253, 267, and 293 meV, respectively. The cases
when 2 < €, correspond to R; > 0, i.e,, to the positive photoconduc-
tivity, while when € > €,, R < 0 (negative photoconductivity). The
latter is attributed to the effect of substantial increase in the rate of
recombination with the emission of optical phonons when the en-
ergy received by the electro-hole system from radiation (propor-
tional to h€2) becomes sufficiently large.

Fig. 2 shows the spectral dependences of the normalized
responsivity RJ,’R}' of a GL-GNR-GL photodiode with N =1 calcu-
lated for different values of the energy gap A in GNRs. It is assumed
that To = 300K, a = 0‘1,1;.-3"'“"” =1,n,=5,andV = 100 mV.

6. Discussion of the results

As follows from Egs. (15) and (16) and seen from Fig. 2, the
spectral dependences of photoconductivity and responsivity
change their signs when the energy of incident photons decreases.
In particular, for the photon energies h&=100-150 meV
(A~8-12pum) the responsivity is positive R;>0, while for
h€2 = 400-600 meV (1 ~ 2-3 pm) it becomes negative. This can be
used for the discrimination of the incident radiation in different
ranges of infrared spectrum. The detector responsivity can be
markedly increase by using the GL-GNR-GL structures with multi-
ple GNRs (N > 1).

Choosing parameter A4, i.e., the GNR width, one can control the
value of the dark current, and, hence, the detector dark-current
limited detectivity D* o Rj/\/J,  exp(—4/4To)v'N. Thus, increase
in number of GNRs N leads to an increase in both the responsivity
and the detectivity.

The intraband (Drude) absorption of incident radiation can also
change the effective temperature of the electron-hole plasma in
GLs. This can lead to a change in the plasma density (due to the
temperature dependence of the recombination rate) and in the cur-
rent. The relative role of the latter (bolometric) mechanism can be
characterized the parameter § = Re gi™/Re ¢ii*", where Re ginter
and Re i are the real parts of the GL dynamic conductivities
associated with the intraband and interband transitions, respec-
tively. Considering that the Fermi energy &= 0, this parameter is
estimated as (see, for instance [19])

_4n ( hvo T

=3\T ) w2+ vg) tanh(hQ/4T,)’ (19)

where vy is the collision frequency of electrons and holes. The con-
dition f# < 1 is satisfied except the low end of the THz range. For
example, assuming that T,=300K and vo=10"s ' and setting
h = 25 meV, we obtain § [ 0.1. At smaller radiation frequencies
(a few THz) and less perfect GLs (with larger vq), # can be markedly
larger exceeding unity. This implies that in the latter cases the
intraband absorption can provide essential contribution. The oper-
ation of THz detectors based on gated heterostructures made of
AsBs compounds associated with the heating of two-dimensional
electron gas due to the intraband absorption of THz was discussed
in Refs. [23-25].

The incident radiation is absorbed in GNRs if h€2 > A. This can
also be utilized in GNR-based photodetectors |16]. However, the
efficiency of such detectors drops when the GNR length [ becomes
shorter that the radiation wavelength A. As a result, a marked con-
tribution of GNR section to the incident radiation absorption can
occur if the number of GNRs in this section is large and they are
sufficiently long or an optical antenna is provided.

Above, we focused on GL-GNR-GL photodiodes with undoped
GLs. The structures with doped GLs of n- and p-types (i.e., with
£r ) can also be used for IR and THz photodetection. The main
difference in GL-GNR-GL photodiodes with undoped and doped
GLs is in substantially different spectra of radiation absorption
and, hence, the detector spectral characteristics. This is due to
the Pauli blocking of the interband absorption of low energy pho-
tons with he2 < 2., where the Fermi energy in doped GLs is deter-
mined by the dopant concentration (or by the applied voltage in
the structures with special gates).

7. Conclusions

We considered the effect of photoconductivity in a GL-GNR-GL
photodiode using its developed device model. The dark current,
photocurrent, and responsivity were calculated as functions of
the structure parameters and temperature, as well as their spectral
characteristics. As shown, the GL-GNR-GL photodiodes can be
used in effective infrared and terahertz detectors operating at
room temperature. The predicted effect of different sign of the
photoconductivity in different spectral ranges can be used for the
discrimination of the incident radiation with the wavelength
2-3 um and 8-12 pm.
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