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Perpendicular transport characteristicadype Al,Ga _N/GaN superlattices are presented. Planar

and mesa-etched superlattice structures are employed to identify the perpendicular resistance.
Perpendicular transport measurements ig.A&ba, -d\N/GaN superlattices display linear current—
voltage characteristics with a resistivity that is a factor of 6.6 higher than for bulk material. A
theoretical model is developed for perpendicular transport iiGAl_,N/GaN superlattices based

on sequential tunneling. The model shows that short superlattice periods are required to minimize
the perpendicular resistivity. @003 American Institute of Physic§DOI: 10.1063/1.1631382

Efficient perpendicular transportelectrical transport 2(a) shows the TLM measurement and a schematic of the SL
along growth direction in Al,Ga _,N/GaN superlattices after the initial etch. Extrapolating the inter-TLM contact
(SL9 is critical to the operation of many AlGaN-based de- separationl.., to zero yields the total resistance of the struc-
vices, including heterobipolar transistors, light-emitting di-ture, given byRiya= 2R+ 2Rg + 2Ry, WhereR; is the
odes, and laser diodes where SLs are used for enhanced damntact resistanc&g, is the perpendicular resistance of the
ing activatiot™ and reduction of line defect densftyt is SL, andRy, is the perpendicular resistance bulk GaN. In the
well known that doped SPsalleviate the problem of large limit L.—0, the lateral resistance between the two mesas
activation energy(~200 me\j in p-type GaN and related vanishes. The resistancBg, andRy, are given by
compounds. However, there has been little research on per- d d
pendicular transport in AGa ,N/GaN SLs. _ Re = pSL%_! and Ryy= Pbulk%(a (1)

In this letter, we analyze perpendicular transport in
n-type ALGa _,N/GaN SLs and bulk GaN both experimen- respectively. In Eq(1), ps, is the perpendicular resistivity of
tally and theoretically. For the determination of the perpenthe SL,dg =0.3 um is the thickness of the SL defined by
dicular and in-plane resistivities imtype Al ,JG& ;N/GaN  the mesaA=2x10"* cn? is the area of the mesay is
SLs, a modified transfer length meth6OLM) is used. The the perpendicular resistivity of the bulk GaN, adgl,,=d
results are explained in terms of a theoretical model based ond, ... ds, is the height of the bulk GaN defined by the
sequential tunneling and free carrier concentration enhancenesa withd being the total height of the mesa. Thus, having

ment. measuredR,y, for different values ofd,,,, we can deter-
The Ga-faced AJ,%Ga7dN/GaN SLs were grown by mine the values ops and pp-
metalorganic chemical vapor deposition oplane sapphire The mesa structure shown in Fig(a? has a value of

substrates. The fbGa 7g\/GaN SLs are uniformly doped d,, =0.37 um. The mesa structure shown in FigbRhas a
with Si at a level of 5<10'" cm™2 and are grown on bulk

n-type GaN. The bulk-type GaN is 4.Qum thick and is also
uniformly Si doped at %10 cm 3. The SL is 0.3um
thick, has 30 periods, and equal well and barrier widths of 50
A. sStandard photolithographic techniques and argon-ion
etching were employed to create mesa patterns. 200
X100 um Ti/Al/Ni/Au contacts, annealed at 800 °C for 30 s
in an N, ambient, were deposited using electron-beam
evaporation. All contacts showed linear current—voltage
characteristics.

Figure 1 shows a typical TLM measurement and a
schematic of the Al,/Ga 7;N/GaN SL. The typical mea-

sured specific contact resistivity is X@0 * Q cn?. Figure o) SN PPN PPN P S
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dpresent address: The Charles Stark Draper Laboratory, 555 Technology
Square, Cambridge, Massachusetts 02139. FIG. 1. TLM measurement and schematic sample structure of unetched
YElectronic mail: efschubert@rpi.edu n-type Aly,/Ga, 7d\N/GaN superlattice.

0003-6951/2003/83(24)/4975/3/$20.00 4975 © 2003 American Institute of Physics
Downloaded 03 Jan 2004 to 128.113.123.154. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



4976 Appl. Phys. Lett., Vol. 83, No. 24, 15 December 2003 Waldron et al.

200 pm n-type (5x1017 em™3) AlGaN/GaN SL; T'= 294K
0.8 e e ST :
dgi ! ES|= S|= . Eo(a) Fapp,=0 AEc=260 meV LSL=LQW+LB ;
d INEc AERF 3
dbuik ™ |GaN| |GaN| - o W
@ ez V) P GRS & [T i
ol D, 0.0p EO;, ____I___L_-_I_I___i/ 3
7 T T T T L; 08 H—LQw—M«-——LB——u
o n-Alg »7Gag 7gN/GaN Superlattice CER®) Fypn 7 0 ! AE=¢F. Ler 3
e 61T=294K E 3 app- E el app LSL 3
= e G “E w ]
8 5 ?_41 F e =
g " Rp=490 =067 um 0of L WG
Z 4 dpuk=0.37 pm | F je— GaN—mia—AlGaN —»
& (a) ds,=0.30 pm 250 300 350 400 450
3 : : Position d (A)
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4 fp=2.00 o can tunnel from one quantum well to empty states in an

0 5 10 15 20 25 30 adjacent quantum well. Using the attempt-to-escape model,

Mesa separation L¢ (Hm) the current density in SLs can be written as
FIG. 2. TLM measurements amtype Al ,.Ga&, ;dN/GaN superlattices used oD 1
for analysis of perpendicular transport for bulk layer thicknessigg,J of J=env=en 7 -, (2
(a) 0.37 um and(b) 0.97 um. Also shown is the schematic sample structure.

wherev denotes the average drift velocity of electrons propa-
value ofdp,,=0.97 um. Using these data in Eq1) yields  gating in the superlatticeaZ’,is the two-dimensional carrier
ps.=1.20 cm andp,,=0.18Q cm for the perpendicular density available for tunneling, i.e., the density of carriers
resistivities of the A ,.Ga, ;dN/GaN SL and bulk GaN, re- that can tunnel to an adjacent quantum well, ani$ the
spectively. Thus, the perpendicular resistivity is a factor ofmean time a carrier resides in one quantum well before tun-
6.6 higher than the bulk resistivity. neling to the adjacent quantum well. For carriers to be avail-
We next develop a theoretical model for perpendicularable for tunneling, it is required that empty states at the same
transport in AlGa, _,N/GaN SLs. The model is based on energy be available in the adjacent quantum well. The avail-
sequential tunneling of carriers through the barriers and thable carrier density is then given by
carrier concentration enhancement occurring in doped SLs. _2p_ 2p _ 2D
The theoretical model shows that the design parameters of 2@ P posA E=pooseFlsi, ®
Al,Ga, _,N/GaN SLs can be chosen in a way that maximizesvhereAE is the energy drop between two adjacent quantum
the conductivity even along the perpendicular direction ofwells under bias conditions. Equati¢8) assumes the high-
the SL. Note that negative differential resistivitf{\DR) in degeneracy approximation, in which the Fermi distribution is
the current—voltage data is not observed. Such NDR hataken to be a steplike function. The energy driyk, is
been reported in literatufe’ related to the external bia¥,, by AE=eV/(number of SL
The low-field current density in bulk material is given by periods. The validity of Eq.(3) is restricted to
J=env=enuF, wheree, n, v, u, andF are the magnitude n2D>p2D AE 4
of the electronic charge, the carrier concentration, the carrier DOS= ™=
drift velocity, the mobility, and the applied electric field, re- wheren?P is the carrier concentration per énm one quan-
spectively. The conductivity in bulk material is given by  tum well, that is, Er—Eg)>AE. Equation(4) shows that
=enu. Thus, the conductivity is determined by two material the 2D carrier concentration has a minimum and cannot be
parameters, namely carrier concentration and mobility. Werbitrarily small. This restriction should not be problematic if
next discuss transport in SLs and show that transport is de#) carrier concentrations in SLs are high gidthe potential
termined by the carrier concentration and a tunneling paramdrop per period is small. For example, in our
eter. Alg ,Ga, ;d\N/GaN SL data, the experimental maximum volt-
The self-consistently calculated band diagram anchge applied never exceedeeD.5 V. Applying this voltage
ground-state wave functions of anyAlGa, ,dN/GaN SL are  over the TLM structure yields an energy drop per period of
shown in Fig. 8a) without an external electric field. Figure ~1 meV (~450 mV over contacts;~50 mV over 60 SL
3(b) shows a schematic of the band diagram with an externgberiods. Thus, the validity of the model can be considered to
field. The conduction-band discontinuity of the two semicon-be limited to small bias values. At such small bias values,
ductors forming the SL is assumed to h&. The SLis  Eq. (4) is satisfied.
assumed to have a well layer thicknessLgfy,, a barrier The time 7 given in Eq.(2) is the mean time a carrier
layer thickness ot g, and a SL period of.g =Low+Lg- resides in one quantum well before tunneling to the adjacent
Carriers within the well layers are quantized for motion quantum well. This time is given by
along the perpendicular direction of the SL and the quantized
ground-state energy is denoted By. = 2LQWT—1: 2Lqw

) T 5
Figure 3 also shows that under bias conditions, carriers 4 V2Eq/m*
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whereT is the tunneling probability through the barrier and TR S R ] al
* is the carrier effective massn(* =0.2m, for electrons in __5 107 AN 5.5 g—lcm—ll_[cGaN=enul_'
GaN). In Eq.(5), it is assumed that the quantum enekgyis 'g Sl :
purely kinetic. This is correct for an infinite square well and o ! i \I'\*\-lo 83 Q lom |
is a reasonable approximation for deep wells. g‘ _3"[T=294K @
We assume that the magnitude of the bias is so small that g 1° - X
the shape of the barrier is not significantly altered, as com- E AE = eF o Ly \X
pared to the no-bias case. This allows us to use a triangular 5 IO'GZLSL L“;’;HB N
and trapezoidal barrier model for the tunneling probability, 3 L ? N\
depicted in Fig. 8) as regions | and Il, respectively. The %10—9-‘ _E
tunneling probability through the triangular region | is given 8 ﬁ b e \V/l N
by L 40 60 80 100 120 140 160 180 200
N3 Superlattice period Lg;, Low =Lp) (A)
T,=ex 4—2m(vl —E )3/2) (6) ) Q )
3eF# 0 0 ) FIG. 4. Calculated perpendicular conductivityirtype Al ,/Ga, 7dN/GaN

SL and bulkn-type GaN, both doped at*610" cm™2. The data points are
whereV{= eFLqw and the ground-state energy in the well is values obtained from experimental results.

iven b o . . -
d y bulk conductivities become increasingly similar for values of

3 ehFy | 2° Ls.<100 A. In Fig. 4, an internal polarization field &,
o=\ 16 o (7)  =6.7x10° Vicm was used. This field matched the, data

very well. In addition, this value fo is in reasonable agree-
whereh is Planck’s constant anl, is the internal electric ment with our self consistently calculated value Bfy
field, which for simplicity we consider due only to the po- =8.0x10° V/cm.® The perpendicular conductivity depends
larization effects. The tunneling probability through the strongly onF,, because it appears in the exponential tunnel-

trapezoidal region Il is given by ing term[see Eq(10)]. Using the self-consistently calculated
W Fpo=8.0x10° V/icm would yield o5 =0.12Q0"tcm %
T, = —ovem VI —Eg)¥2— (V! —E,—eFLg)%? The error bar shown in Fig. 4 results from an error analysis
n=ex 3eFh [( 0) (Vo—Eo—eFLp) ) .
that takes into account contact-to-contact sample-to-sample

(8  variations found in multiple measurements. For the GaN
wherev O+AE =eFLow+AEc and AEc= 260 meV conductivity shown in Fig. 4,04y, @ mobility of 100

for x= 22% 10 cn?/(Vs) and a donor activation energy of 39 meV were
The total tunneling probability from one quantum well to used.

an adjacent quantum well is given By=T,X T, . Rewriting In conclusion, the perpendicular resistivity imtype

Eg. (2) using Eqgs(3) through(8) yields Alg,Ga ;d\N/GaN SLs was determined and compared with

bulk n-type GaN doped at the same level. The SL has a

_ _€ PDOSLSL / [(eF(L Ls) measured perpendicular resistivity of I(Pcm, a factor of
C 2Low 3e Fﬁ Qw8 6.6 higher than the bulk resistivity. A theoretical model based

on sequential tunneling and free carrier concentration en-
+AEq—Eg)¥2— 2(eFLow— EO)]slz]_ (9) hancement is developed to eprain the results. The model
demonstrates that the SL perpendicular transport is funda-

UsingJ= o F, the conductivity along the perpendicular di- Mentally different than the bulk transport.
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