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Barrier Enhancement Mechanisms In
Heterodimensional Contacts and
Their Effect on Current Transport

Amro Anwar, Student Member, IEEEBnd Bahram Nabet

Abstract—it has been shown that, in a three-dimensional (3-D) A relevant example is the case where carriers have to be col-
to two-dimensional (2-D) contact system, the quantized nature |ected or injected to the 2-D system via metal contacts. Thus,
of the energy of the 2-D system imposes important changes onj; js crycial to study the impact of such interaction between the

thermionic emission of carriers from a 3-D metal to two-dimen- heterodi . I t t dict when thi tact
sional electron gas (2DEG). Interestingly, in actual devices, barrier eterocimensional Systems S0 as 10 Predict wien his contac

heights higher than what is theorized based on the first confined Might be beneficial for specific applications.

state are measured. In this paper, we introduce an additional =~ Schottky metal contact to two-dimensional electron gas
mechanism that explains barrier height enhancement in 3-D-2-D (2DEG) is an example of interfacing between heterodimen-
contacts, which is due to the repulsive Coloumbic force that is sional systems, i.e., contact between 3-D metal and 2DEG

exerted by the 2DEG on the thermionically emitted electrons. -
An analytical derivation of the barrier height due to this effect semiconductor. Schottky metal contact to 2DEG has been

is given and total thermionic emission current is derived. These Shown to be very promising in different microwave and
results are particularly important for design and understanding  millimeter-wave applications [3], [4]. In the context of in-
of device behavior for low-noise photodetectors in front end vestigating the transport across the Schottky 3-D metal to
optical receivers. The electron cloud model presented for the >nhEG semiconductor, it is relevant to mention that the reduced

reservoir of mobile charges that are free to move in response . . ) -
to charged particle or electromagnetic waves implies that any dimensional nature of the confined 2DEG substantially effects

means of interaction that disturbs the equilibrium of the electron  itS transport properties [5], [6]. In photodetection applications,
cloud have strong signature at the contact, as well as the temporal these result in reducing the dark current of heterodimensional

response of the induced disturbance. This can be effective for contact photodetectors [2]. The reduction in dark current im-

low-power-detection applications. proves the sensitivity of the photodetectors, as well as increases
Index Terms—Barrier height, Coulomb force, Schottky contact, the operating bandwidth, enhancing the overall detection
2DEG, thermionic emission. performance of optical receivers.
In the following section, we review a theoretical model we
l. INTRODUCTION proposed [7] describing the current across the Schottky contact

between two heterodimensional systems, specifically, a metal

T HERE IS A growing technological challenge and demanéind 2-D semiconductor. This is followed by examining the ef-

. _for h_|gh-spe_e_d and compact mtegrate_zd electr_omcs NECESCt of the 2DEG carriers in modulation-doped structures on the
sitating high-mobility low-power consumption semiconductor,

. . . . ) Barrier height, which lead to modification of transport across the
with potenual_of gltrg-large—scale Integration .Of electronic ?ngarrier. We derive analytical expressions for change of barrier
opto-electronic circuitry. One avenue to fulfill these reqquaeight due to the effect of the electron cloud, thus modifying

men_ts Is to u““ZE’T reduced_ dimensional semlconduc_tors W.h%%rmionic current description. We close by presenting general
carriers are spatially confined to less than three dmensm%seussions and conclusions
3¢ .

Spatial confinement causes the carriers’ energy states to
guantized rather then continuous, as is the case of unbounded
carriers in bulk semiconductor devices. With recent progress
in semiconductor growth and processing technologies, low-di-With a semiclassical approach we have previously shown [7]
mensional systems have become practically realizable; hereehermionic emission model for charge transfer from metal,
the study of contact properties to these systems has becavasidered a 3-D system to 2DEG. The current denkitybe-
increasingly important [1], [2]. tween a 2-D semiconductor and 3-D metal can be described by
One of the interesting physical problems encountered in ethe number of carriers with velocity in the direction perpendic-
ploying these systems s the inevitable interface between two-dlar to the junction and with energies abave + q¢5 as
mensional (2-D) semiconductor and three-dimensional (3-D)
system of the external circuit. ; /n(oo)
n

Il. THERMIONIC EMISSION BETWEEN 2DEGAND 3-D

qO,dn (1)
(Er+qdBn)

Manuscript received March 12, 2001.

A. Anwar is with Cisco Systems, San Jose, CA 95134 USA.

IS Wi i __where E; is the Fermi level energy, andpg, is the
B. Nabet is with the Department of Electrical and Computer Englneerln% . . . . . .
Drexel University, Philadelphia, PA 19104 USA. chottky barrier height, as depicted in Fig. 1. Noting that
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semiconductor (2-DEG) Fig. 2. Carrier density and conduction band bending along the deiptthe
GaAs side of the AlGaAs/GaAs heterostructure for two AlGaAs dopings 3
10'7 and 6x 10'7 cm—3.

Fig. 1. (top) Metal contact to 2DEG. (bottom) Energy band diagram. Ill. ELECTRON CLOUD EFFECT ONBARRIER HEIGHT
function andf(£) is the electron density distribution function, Examining the thermionic emission current above shows
the current density from semiconductor to metal can be derivéat, while the classical threshold for emission is determined by
as previously demonstrated [7]. Considering that under therntla¢ minimum of the conduction band, the quantum threshold is
equilibrium the flux of carriers from metal to semiconductor isaised above that by the zero point energy of the first ground
the reverse of flux in the opposite direction, total thermionistate £,. On the other hand, experimentally measured barrier
emission current becomes heights [9] have shown enhanced values that cannot be solely
Bn} [ E, } explained by this energy quantization effect. In the following,

Jo = AEDT?’/2 €xp [_q]j)_T eXp |\ T a unique mechanism accounting for the barrier enhancement is
B B

v introduced and formalized.
X <exp [_ 4 } — 1) Alcm  (2) This mechanism for barrier enhancement is pertinent to
ksT structures where reduced dimensionality is achieved by carrier

where confinement between bandgap discontinuity at the higher
5 bandgap semiconductor end, and the conduction band bending
ASp = h—gw [2rm* k3 Alem - K2/3 (3) on the other end. Fig. 2 shows the conduction band and carrier

concentration distribution of an example heterostructure of
is a new 2-D to 3-D thermionic emission coefficient expressingiGaAs/GaAs for two doping concentrations. The carrier
a 2-D Richardson constant. From (3), a total reverse bias quafistribution, as shown in Fig. 2, presents locally uncompen-
saturation current can be extracted as sated carriers charging the small bandgap semiconductor. If a

4bB E Schottky contact is made to the GaAs side, a depletion region
) () A @

kT " keT will separate the metal surface from this electron cloud. We
suggest that this charge, electron cloud, adds an additional
whereW is the length of the contact. In comparison, the comechanism of barrier height enhancement in 3-D-2DEG
ventional (3-D) thermionic emission current is contacts, due to the repulsive Coloumbic force that it exerts on
_ the thermionically emitted electrons. This Coloumbic repul-
20pn A%\ A (5) sive f ill b ional to th d carri
T exp T (5) sive force will be proportional to the uncompensated carrier
concentration in the 2DEG, as well as being a function of the
whereA.g is the effective contact area. It is seen that clear didevice physical parameters, and the applied bias.
tinctions exist between the current transfer from metal to 2-D Since the carrier concentration varies in the direction of
and 3-D systems. Firstly, it is observed that, in the 2-D systegrowth, the verticak-direction (as shown in Fig. 2), will lead
the barrier height has been increased by the value of the fitsta depletion regioni,., (=), which is alsoz-dependent, as
confined state, as indicated by the tesrp(—E,/kgT). Sec- schematically shown in Fig. 3. Thus, estimation of the effect
ondly, the prefactor of the exponential term in (5) depends @ the electron cloud on the barrier potential requires a 2-D
the 2-D density of states function, which is smaller than that tfeatment of the Poisson equation. In the present development,
the bulk; in (5) we also included the conventional image forage calculate the aggregate effect of the electron cloud’s line
barrier lowering potentialA¢;,,,. In addition to physical device charges at distanc®(z, ¢) from a metal arbitrary point’.
dimensions, the prefactor is based on terms due to the integraWe consider the electron cloud carrier concentration as ar-
tion of carriers with velocity components confined to a planeanged line charges varying in tikez-plane. The notion of line
rather than a volume, as is the case for a 3-D system. Finallyclitarge implies that the carriers extend indefinitely in the per-
is noted that the temperature dependence of current is differpahdicular plane. This is a valid assumption since actual devices
in the two cases. under investigation are of planar structures.

Lp = WASp,T%? exp <

Ig_D = Ae[[A*TQ exp <—
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Fig. 3. 2-D description of the contact between metal and semiconductor.
Interface length z [cm]

4. Electron cloud potential at the metal interface for varidiysdopings
In fact, modeling based on line charges is more approprlagé 107, 6 x 107, aund%x 10'17 cm-? ' varidusdoping

than point charge model or infinite plane of carriers. For sim-
plicity, the carrier concentration(z) along the laterat-direc- x10°
tion is assumed to be zero in the depletion regigy,(z) and '
constant beyond that point in the electron cloud region. st

The electric field due to one line charge at an arbitrary pdint
of the metal interface in the cylindrical coordinate is well known
to be

25F

g(z) .
E,=——"_2¢,
! 2nres R, 2) N ©

Normalized Current [A/cm])
™~

wheree, is the static dielectric constant of the semiconductor.

Under these conditions, the potential seen by electrons emitted P
laterally in thez-direction at pointz” at the metal interface is 0sr *p_/*/*“‘ 1
given by o A e .
0 0.5 L 15 2 2.5 3 35 4 4.5 5
Reversed bias VoltageV, [V |
/E dr = /E cos pdr (7) Fig. 5. Normalized reverse bias quasi-saturation variation with applied bias
for dopings of 2x 10'7, 6 x 10*7, and 8x 10'7 cm—3.
Vel (7)) = — an(z) - (L +d) @)
eVt /T 27e, R4, 2) achieved by integration of the current density over the contact
area as
WherER(f Z) = \/(Z — Z/)2 + (f + d)2 2 _¢Bn + A(7)1111 - Ad)efe c
N . . I(V.)=WA*T = }dz.
This is the potential seen at due to one line charge, to (V2) P kT ¢
account for the whole channel, we sum the effect of the line (10)
charges inz andz to arrive at The current—voltage relationship for the three dopings of Al-

GaAs is shown in Fig. 5. This figure emphasizes that, if the car-
rier concentration in the channel increases, the barrier height
/”m / (04 d) alz) - U+d) ) will also increaseand, hence, current wittduceaccording to
— Ji=d 27r€5 (¢, 2) “ (10). This is opposite to what is observed in high electron-mo-
bility transistor (HEMT) devices where conduction is propor-
This expression is easily integrated with resped@and can be tional to the amount of confined charges. Experimental reports
evaluated numerically in the-direction. of Schottky contact to modulation-doped 2DEG are in agree-
The evaluation of the integral (9) gives the electron cloud bament with this unconventional behavior [9], [10]. The upper
rier enhancement term¢._.. = —Ve._.. at the arbitrary limitto the expected decrease of current with increase of doping
pointz’. For the AIGaAs/GaAs heterostructure, we evaluate (8 when tunneling becomes the main means of current transport.
for three dopings of the AlGaAs. Fig. 4 shows the variation A similar technique for modulating the Schottky barrier
of barrier enhancement¢,_.. .. along the metal interface for height [11] is achieved by growing a thin-dayer; the n-type
these dopings. It is seen that higher doping concentratiens semiconductor before deposition of the metal contact. This
creasethe barrier height. layer tailors the doping profile in the depletion region, thus
The evaluation of the reverse-bias quasi-saturati@mhancing the barrier height. That mechanism has shown [2]
thermionic emission current is then straightforward and & measured enhancement in the Schottky barrier height and

Vvefe.c z
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lowering of the dark current in Schottky photodiodes. It hasonduction band discontinuity and the Schottky barrier consists
also been shown [12] that incorporation of a thin (few atomiaf mobile charges, which are free to move in response to a
layers) doped layer at the interface of a heterojunction caharged particle or electromagnetic waves. As such, any means
alter the bandgap discontinuity due to the dipole created @tinteraction that disturbs the equilibrium of the electron cloud
the heterointerface. The major difference between the processild have a strong signature at the contact, as well as the tem-
described in this paper and the referenced studies in termgofal response of the induced disturbance. This can be effective
application, however, is that, here, the amount of electron cdior low-power detection applications.

centration and, hence, the barrier, can be modulated by gating

the structure or by changing the thickness of the n-AlGaAs REFERENCES
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The picture presented here addresses the separation of the car-
”Ff'r.s form their source, and can lead to a host of d?VICeS trLaﬁ”tlro Anwar (S'99), photograph and biography not available at time of publi-
utilize the fact that the low bandgap semiconductor in the hetsyion.
erostructure is not locally neutral, but unlike space charge re-
gions, consists of mobile carriers. In these modulation-doped

heterostructures, the electron cloud in the reservoir between Hagram Nabet, photograph and biography not available at time of publication.
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