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GRAPHENE-BASED MODULATION-DOPEDSUPERLATTICE STRUCTURESD. Bolmatov *, Chung-Yu MouDepartment of Physi
s, National Tsing Hua University, Hsin
hu 300, TaiwanNational Center for Theoreti
al S
ien
es, Hsin
hu 300, TaiwanDepartment of Physi
s, Queen Mary University of LondonE 1 4NS, London, UKRe
eived July 8, 2010The ele
troni
 transport properties of graphene-based superlatti
e stru
tures are investigated. A graphene-basedmodulation-doped superlatti
e stru
ture geometry is proposed 
onsisting of periodi
ally arranged alternate layers:InAs/graphene/GaAs/graphene/GaSb. The undoped graphene/GaAs/graphene stru
ture displays a relativelyhigh 
ondu
tan
e and enhan
ed mobilities at in
reased temperatures unlike the modulation-doped superlatti
estru
ture, whi
h is more steady and less sensitive to temperature and the robust ele
tri
al tunable 
ontrol onthe s
reening length s
ale. The thermioni
 
urrent density exhibits enhan
ed behavior due to the presen
e ofmetalli
 (graphene) monolayers in the superlatti
e stru
ture. The proposed superlatti
e stru
ture might be ofgreat use for new types of wide-band energy gap quantum devi
es.1. INTRODUCTIONGraphene � a single layer of 
arbon atoms denselypa
ked in a honey
omb stru
ture � was re
ently �rstisolated in its free-standing form [1, 2℄. However, itsunusual material and physi
al properties have already
aptured the interest of many resear
hers working in
ondensed-matter physi
s [3�6℄. This two-dimensionalmaterial has a very high quality, is extremely strong,it exhibits ballisti
 ele
troni
 transport on the mi
ro-meter s
ale at room temperature, and 
an be 
hemi-
ally doped, and its 
ondu
tivity 
an be 
ontrolled withan ele
tri
 �eld [7�10℄. Graphene has a linear gaplessspe
trum, and therefore exhibits metalli
 
ondu
tivityeven in the limit of a nominally zero 
arrier 
on
en-tration [11�13℄. At the same time, most ele
troni
 ap-pli
ations rely on the presen
e of a gap between thevalen
e and 
ondu
tion bands [14�19℄.The 
ontinuing enhan
ing of quantum ele
troni
 de-vi
es poses new 
hallenges to the semi
ondu
tor in-dustry for ea
h new devi
e generation [20�22℄. Atthe mesos
opi
 s
ale, there are important quantum ef-fe
ts, and the materials that worked well in previous-generation devi
es do not perform properly at the*E-mail: bolmat�phys.nthu.edu.tw

nanos
ale, and hen
e new materials need to be intro-du
ed [23℄. Eventually, not only the materials [24℄ butalso the basi
 devi
e operation prin
iples and geome-tries need to be revised [25℄.Superlatti
es have been used to �lter the energy ofele
trons [26, 27℄. The band stru
ture 
an be tunedby varying the 
omposition and thi
kness of the lay-ers [28℄. In fa
t, superlatti
es are widely used in ap-pli
ations that have nothing to do with their ele
troni
properties [29�31℄. This is to improve the 
leanliness ofmaterial during growth [32℄. The stru
tures dis
ussedbelow are verti
al, in the sense that the 
urrent �owsalong the dire
tion of growth or along the normal tothe interfa
e [33℄. The obvious way of introdu
ing 
ar-riers, used in 
lassi
al devi
es, is to dope the regionswhere ele
trons or holes are desired [34, 35℄. The so-lution is the remote or modulation doping, where thedoping in
reases in one region, but the 
arriers subse-quently migrate to another [36℄. Modulation dopinghas a
hieved two bene�ts: it has separated ele
tronsfrom their donors (holes from their a

eptors) to re-du
e s
attering by ionized impurities, and the ele
trons(holes) to two dimensions.In this paper, we propose a new graphene-basedmodulation-doped superlatti
e stru
ture geometry119
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GaAs

InAsFig. 1. Tunneling stru
ture of the graphene devi
e.Two monolayers of graphene are sandwi
hed betweenthin layers of InAs at the bottom of the quantum de-vi
e and thin layers of GaSb at the top. GaAs is pla
edin the middlethat 
onsist of periodi
ally arranged alternate layers:InAs/graphene/GaAs/graphene/GaSb. Figure 1illustrates the graphene devi
e tunneling stru
ture:monolayers of graphene are sandwi
hed between thinlayers of InAs at the bottom of the quantum devi
eand thin layers of GaSb at the top. In the middle ofthe proposed superlatti
e stru
ture, gallium arsenide(GaAs) is pla
ed, whi
h has a higher saturated ele
-tron velo
ity and higher ele
tron mobility and hassome ele
troni
 properties that are superior to thoseof sili
on. GaAs devi
es are relatively insensitive toheat and generate less noise than sili
on devi
es whenoperated at high frequen
ies. GaAs layer is 
apturedby two graphene monolayers. Weak anti-lo
alization,mobility, and 
arrier density of the graphene allow
onsidering this geometry as an intrinsi
 semi
ondu
-tor stru
ture, whi
h we treat in the �rst se
tion of ourwork. The weak van der Waals for
es that providethe 
ohesion of multilayer graphene sta
ks do notalways a�e
t the ele
troni
 properties of the individualgraphene layers in the sta
k.Our idea here is to 
reate two high-
ondu
tivity
hannels in the 
urrent-spreading graphene layers, oneof whi
h is sandwi
hed by GaAs (gapped material) atthe top and by InAs (ele
trons-doped region) at thebottom, and the other is sandwi
hed by GaAs (gappedmaterial) at the bottom and by GaSb (holes-doped re-gion) at the top. Ele
troni
 transport properties of thisstru
ture are investigated in Se
. 2.

2. ELECTRONIC PROPERTIESPure semi
ondu
tors that are free from impuritiesare 
alled intrinsi
 semi
ondu
tors. Ideally, the intrin-si
 
ondu
tivity is zero at 0 K and in
reases with tem-perature owing to the thermal ex
itation of ele
tronsfrom the valen
e to the 
ondu
tion band. The ele
-trons thus ex
ited leave holes in the valen
e band. Theele
tri
 
ondu
tivity in these materials is due to boththe ele
trons in the 
ondu
tion band and the holes inthe valen
e band. The 
ondu
tivity in these materials
an be written as� = nee�e + nhe�h; (1)where ne and nh are the ele
tron and hole 
on
entra-tions, �e and �h are the ele
tron and hole mobilities(200000 
m2=V � s in graphene, 3000000 
m2=V � s intwo-dimensional ele
tron gases), and e the 
harge ofthe ele
tron or the hole. The number of ele
trons avail-able in the 
ondu
tion band depends on two fa
tors:the number of ele
troni
 energy levels available in the
ondu
tion band and the extent to whi
h these energystates are o

upied. The �rst is given by the densityof states and the se
ond fa
tor 
omes from the Fermi�Dira
 distribution fun
tion.If f(E) is the probability of �nding the ele
tron inthe energy state with energy E, then 1 � f(E) is theprobability for the ele
tron (or the hole) to not be foundin that state. The total number N of ele
trons is givenbyN =Xi 1exp(�(Ei � �)) + 1 ++Xj 1exp(�(Ej � �)) + 1 ; (2)where Ei is an energy level in the 
ondu
tion band andEj is an energy level in the �lled band. In the 
ase ofan intrinsi
 semi
ondu
tor, the total number of ele
tronstates in the �lled band is equal to N , that is,Xj 1 = N:Hen
e, it follows from Eq. (2) thatXi 1exp(�(Ei � �)) + 1 ==Xj �1� 1exp(�(Ej � �)) + 1� ==Xj 1exp(�(�Ei + �)) + 1 : (3)120
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e stru
turesThis shows the equality of the number of 
ondu
tionele
trons (the left-hand side) and number of holes inthe �lled band (the right-hand side) in intrinsi
 semi-
ondu
tors, ne = nh: (4)The number of ele
trons in the 
ondu
tion band (thenumber of holes in the valen
e band) is obtained byintegrating the expressionne = 1ZEg D(E)f(E) dE; nh = 0Z�1 D(E)(1�f(E)) dE:Here, the origin of energy is taken at the top of the�lled band and the inequality Eg � kT is assumed.Substituting the expressions for D(E) and f(E), wethen havene = 1� 1ZEg E �Eg(~�eF )2 exp ���EkT � dE (5)for ele
trons andnh = 1� 0Z�1 (�E)(~�hF )2 exp���+EkT � dE (6)for holes. Now the ele
tron and hole densities be
omene = 1� � kT~�eF �2 exp ���EgkT � ; (7)nh = 1� � kT~�hF �2 exp h� �kT i : (8)From equations (7), (8), and (4), we 
an determineexp(�=kT ) asexp� �kT � = �eF�hF exp� Eg2kT � : (9)It therefore follows from (7) and (8) thatne = nh = 1��eF�hF �kT~ �2 exp�� Eg2kT � : (10)Equation (9) yields� = 12Eg + kT log �eF�hF : (11)The 
hemi
al potential � in (11) lies in the vi
in-ity of the middle of the forbidden energy gap if the

value of log(�eF =�hF ) (where �eF � 1:11 � 106 m/s,�hF � 1:04 � 106 m/s in graphene monolayer and�eF � 1:10 � 106 m/s, �hF � 1:07 � 106 m/s in layeredgraphene) is of the order of unity and the temperatureis well below Eg=k. Hen
e, the relations Eg=k � T ,Eg � � � kT and � � kT are satis�ed at ordinarytemperature.3. MODULATION-DOPED SUPERLATTICES3.1. NeutralityBe
ause semi
ondu
tors 
ontain mobile ele
tri

harges, they tend to be ele
tri
ally neutral, whi
h is tosay they 
ontain equal amounts of positive and negative
harge. It is interesting to see how large a non-neutralregion 
an be, without the o

urren
e of large potentialdi�eren
es.We fo
us on graphene-based modulation-doped su-perlatti
e stru
tures. Inherently, InAs and GaSb aredoping layers in a superlatti
e stru
ture; graphenemonolayers make the ele
tri
 
arriers highly mobile andthe GaAs layer is a
tive. We propose a varying poten-tial that tends to a 
onstant value, taken as zero. Inthe 
onstant potential, the hole (ele
tron) density n0 isequal to the a

eptor (donor) density A (without losingthe generality, we 
onsider the p-type (hole) 
arriers).Where the potential has 
harged to V , the hole densityis 
ontrolled by the Maxwell�Boltzmann relationn = n0 exp��eVkT �(we re
all assumption Eg � kT ). In this 
ase, thePoisson equation isd2Vdx2 = �e�s�0 (n�A) == ��n0�s�0 �exp��eVkT �� 1� ; (12)where �0 is the permittivity and �s is the relative per-mittivity of the a
tive region.This equation is unpleasant to solve in the general
ase, but when jeV=kT j � 1, we 
an use the �rst twoterms in a series approximation for the exponential,whi
h gives d2Vdx2 = e2n0�s�0kT V: (13)Equation (13) has a solutionV = V0 exp (�x=�D); (14)121
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rease or de
reaseover distan
es of the order of �D .Major �eld 
hanges o

ur over distan
es longerthan �D . In what follows, we 
onsider a superlat-ti
e stru
ture with di�erent boundary 
onditions, tak-ing into a

ount that graphene is quite di�erent frommost 
onventional three-dimensional materials: intrin-si
 graphene is a semimetal or zero-gap semi
ondu
tor.We set x = 0 at the surfa
e of the lower graphene mono-layer and assume the potential to be zero at x = 0.The ele
tron gas outside the metal is so rare�ed thatit 
an be treated 
lassi
ally. Then V (x) in
reases as xin
reases from 0 to in�nity, and V (1) = 1 be
ausen(1) = 0, and V 0(1) = 0 be
ause the ele
tri
 �eldshould vanish as x ! 1. In terms of V , the Poissonequation 
an be written asV 00 = �e2n0�s�0 exp��eVkT � : (15)Multiplying this by V 0 and integrating, and using theboundary 
onditions given above, we obtain12(V 0)2 = n0e2�s�0 kT exp��eVkT � ; (16)when
e V 0 = �2n0e2�s�0 kT� 12 exp�� eV2kT � : (17)Integrating this result on
e again yieldsexp�eVkT � = � 2n0e2�s�0kT �1=2 (x+ �D): (18)Be
ause we have assumed that V (0) = 0, substitut-ing x = 0 in (18) yields the value of the integration
onstant �D. Therefore, (18) 
an be rewritten asexp�eVkT � = x�D + 1;when
e V = 2V0 log�x+ �D�D � : (19)Substituting this in (12), we �nally obtainn(x) = n0� �Dx+ �D�2 : (20)Ele
tri
al potential behavior is illustrated in Fig. 2.

�5 0 5 10 15 20 25�0:500:51:01:52:02:53:0V=V0
�=�DFig. 2. Ele
trostati
 potential behavior in term ofs
reening length units. The dashed line (V1) is 
al-
ulated from (14) and the solid line (V2) is 
al
ulatedfrom (19)3.2. Boltzmann transport equationIn the pre
eding se
tion, we 
onsidered the 
ase ofintrinsi
 semi
ondu
tors, where the number of ele
tronsthat are ex
ited to the 
ondu
tion band is equal to thenumber of holes in the valen
e band. The ele
tri
 
on-du
tivity of ele
trons or holes in graphene-based su-perlatti
e stru
tures due to the doping ele
trons (
on-�ned to one material, InAs) and holes (
on�ned to theother, GaSb) 
an be investigated by 
onsidering theBoltzmann transport equation�f�t + v � �f�x + F � �f�k = ��f�t �
oll ; (21)where x is the 
oordinate, k the momentum, f thedistribution fun
tion of 
arriers, and F the exter-nal for
e a
ting on a parti
le. In the paradigm ofgraphene-based modulation-doped superlatti
e stru
-tures of InAs/graphene/GaAs/graphene/GaSb, the in-terfa
e modes in graphene monolayers emerge as 
ru
ialfa
tors and the higher-frequen
y mode produ
es a sym-metri
 �eld in the GaAs well, whi
h markedly enhan
esthe intrasubband s
attering rate.It su�
es to �nd the 
urrent density in the form ofa term proportional to the ele
tri
 �eld. Under the as-sumptions of steadiness and uniformity, the Boltzmannequation be
omes�eE � �f�k = �f � f0� : (22)In order to determine an expression 
orre
t to the �rstorder in E, the distribution fun
tion f in the right-handside may be repla
ed by the zeroth approximation f0,122
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e stru
turesi. e., the solution in the 
ase where E = 0. Noting thatf0 is a fun
tion of E, we obtainf = f0 + �f0�E �ev � E: (23)A

ording to this expression, the ele
tri
 
urrent is pro-du
ed by a shift of the 
enter of the Fermi distribution.This is most 
learly seen in the 
ase where "(k) = ~�k:f ; f0("+ �ev � E):The 
urrent density is obtained by multiplying Eq. (23)by �e� and integrating over all values of the momen-tum,j = �e Z �f 4dkh2 = e2 Z ���f0�" � ��v �E4dkh2 ; (24)where dk stands for dkx � dky and the fa
tor 4 a

ountsfor the weight due to spin and valley. Therefore, the
omponents of the ele
tri
 
ondu
tan
e 
an be writtenas� = 4e2 Z ��23h2 ���f0�" � dk == 4e2� ��23kT 1ZEg D(E)f(E) dE: (25)For the Maxwell�Boltzmann distribution, the identity��f0�" = 1kT f0; f0 = exp��� "kT � ;holds, and the ele
tri
 
ondu
tivity is approximated ons
reening length s
ale by� = 4e23�h2 �kT exp�� Eg2kT � : (26)The ele
tri
 
ondu
tan
e behavior of graphene-basedsuperlatti
e stru
tures is illustrated in Figs. 3 and 4.3.3. Thermioni
 
urrentAt T = 0 K, ele
trons take the minimum-energy
on�guration. The ele
trons in the donors fall into thea

eptor levels until the a

eptors are all �lled; in this
on�guration, the Fermi level must lie at the donorlevel: �(0) = 12Eg �Ed:At su�
iently high temperatures, the ele
trons in the�lled band 
an be ex
ited to the 
ondu
tion band.When the density of holes in the �lled band and the

50 100 150 200 250

T, kτ/h

0

10

20

30

σ, 4e2/πh

1

2

3

Fig. 3. The ele
tri
 
ondu
tan
e behavior of thegraphene-based superlatti
e stru
ture shows enhan
edmobilities at in
reased temperature. Evenly in
reasingthe energy gap to the thermal energy (Eg=kT � 7,Eg=kT � 14, and Eg=kT � 28) shows a tenden
yto steady tunable ele
tri
al 
ontrol and opti
al 
on-�nement on a length s
ale greater than the s
reeningone
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Fig. 4. Ele
tri
 
ondu
tan
e behavior (power-law de-penden
e on temperature) for intrinsi
 undoped gra-phene/GaAs/graphene (T 2-like behavior, 2 ), undopedGaAs (T 3=2-like behavior, 1 ) and the graphene-basedmodulation-doped superlatti
e stru
ture InAs/graphe-ne/GaAs/graphene/GaSb (T -like behavior, 3 ). Theundoped sample exhibits a relatively high 
ondu
tan
e,unlike the doped one, whi
h is more steady and lesssensitive to the temperature, whi
h is more valuablefor tunable wide-band gap quantum devi
esdensity of ele
trons in the 
ondu
tion band be
omemu
h larger than the number of donors and a

eptors,the e�e
ts of donors and a

eptors 
an be negle
ted,and the sample shows 
hara
teristi
s similar to those of123
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Fig. 5. The thermioni
 
urrent density for di�erentele
trostati
 potentials (the upper for (19) and thelower for (14)) �xed on the s
reening length s
ale showsa temperature dependen
ean intrinsi
 semi
ondu
tor. In this 
ase, the Fermi levelis in the middle of the energy gap Eg and �(1) = 0. Atthe temperatures between these extreme 
ases (T = 0and T =1), � has a value between those given above.Summarizing, we 
an say that the behavior of � is asfollows: at T = 0 K, � 
oin
ides with the donor level.It in
reases with the temperature and then approa
hesthe middle of the gap between the 
ondu
tion band andthe �lled band. This is not exa
t, but is su�
ient for aqualitative dis
ussion on the s
reening length s
ale.At a �nite temperature, ele
trons having higher en-ergies than the work fun
tionW = eV at the upper tailof the Fermi distribution 
an es
ape from the graphenesurfa
e to the interior of the superlatti
e stru
ture inthe dire
tion normal to the surfa
e. When an appro-priate potential di�eren
e is applied, it is possible to
olle
t all of the ele
trons es
aping from the metal(graphene). For a graphene-based modulation-dopedsuperlatti
e stru
ture, the ele
tri
 
urrent density thato

urs without any �u
tuations in equilibrium 
an bewritten as j = �E, where E 
an be represented asE = V (x)=x. In Fig. 5, we illustrate the thermioni

urrent density behavior, whi
h was enhan
ed due to amore realisti
 intrinsi
 ele
trostati
 potential in (19).4. CONCLUSIONWe investigated ele
tri
 transport properties forgraphene-based modulation-doped superlatti
e stru
-tures providing a qualitatively good des
ription. We

have shown that slightly doped superlatti
e stru
turesbased on graphene monolayers as a high-
ondu
tivity
hannels, in tuning to the point of intrinsi
-type stru
-tures where 
arrier 
on
entrations are relatively insen-sitive to heat, generate less noise when operated at highfrequen
ies, avoiding s
attering e�e
ts on the s
reeninglength s
ale. The thermioni
 
urrent density behavioris enhan
ed due to a more realisti
 intrinsi
 ele
tro-stati
 potential, whi
h was 
al
ulated taking the e�e
tof metalli
 (graphene) monolayers into a

ount. Theproposed stru
ture might be of great use for new typesof wide-band energy gap quantum devi
es.The authors are greatly indebted to Prof. J. Kwoand Prof. M. Hong for the stimulating dis
ussions andfruitful suggestions. We a
knowledge support from theNational Center for Theoreti
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