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We report on the first realization of extremely low resistivity regrown chmic contacts to a
variety of GaAs/AlGaAs structures using selective epitaxy. For planar regrown n™ -GaAs
contacts to #-GaAs we have obtained contact resistivity values ~ 11077 © cm?, and
~1X107% & cm? for lateral contacts to a 10-nm-thick buried # "-GaAs layer. The contact
resistances were substantially temperature independent from 77 to 300 K. Regrown contacts to
a 2DEG structure exhibited a2 much higher and temperature-dependent contact resistivity
which could be accounted for (according to numerical simulation) by ~ 5% 106'? cm ™2 traps at
the AlGaAs/ regrown GaAs interface. Post-growth annealing of the regrown interface
drastically reduced the value of contact resistivity for 2DEG structures to ~2X 107% ) cm?.

The ability to grow GaAs epitaxially onto a previously
processed, patterned GaAs wafer can play a crucial role in
the design of the future devices. We have recently demon-
strated that the trap concentration at the regrown interfaces
grown by mctalorganic vapor phase epitaxy (MOVPE) uti-
lizing a conventional' or (C,H.}GaCl>® based growth
chemistry together with appropriaie pregrowth chemical
preparation, can be as low as N, ~ 10" cm . We have de-
termined that low-resistance regrown electrical contacts to
GaAs structures are tolerant to the presence of a much high-
er trap concentration than ~ 10" ¢m 2 Details of the
MOVPE technique, developed for making selective epitaxial
growth, have been published® with further details on the re-
growth techniques used in preparation of our samples given
elsewhere.” Electrical resistivities of contacts obtained using
this technique for one specific interface geometry, the non-
patierned planar contact, have also been presented.”

We report here on the results obtained on regrown edge
contacts to thin GaAs layers and t6 2DEG (two-dimension-
al electron gas) structures. The results of numerical simula-
tions modeling these structures are ajso presented. We give
additional results on planar contacts and their analytical
analysis. Both the analysis of data for the lateral contacts
using the numerical simulations and the analysis of data for
the planar contacts, discussed in this letter, provide informa-
tion on the quality of the regrown interface. The low values
of contact resistivities reported in this letter suggest that the
regrown interfaces are relatively free of chemical and struc-
tural imperfections which couid trap carriers.

The relationship between the trap concentration N,
and contact resistivity p, can be illustrated through the fol-
lowing example. Consider a layer of n "-GaAs epitaxially
regrown on a surface of n-doped GaAs (Fig. 1). Solving
Paisson’s equation under the assumption of a degenerate
electron energy distribution, we can estimate the height of
the potential barrier, P, due to the presence of the traps at
the regrown interface:
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where ¢ is the electron charge, € is the dielectric constant,
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and £ is the Fermi energy. Two conduction mechanisms
could be important depending on the size of © and the tem-
perature, thermionic emission, and/or tunneling. Both
mechanisms of conduction through a Schottky type barrier
and the resistances associated with it are well established.”
The formuiae given by Padovani and Stratton in Ref. 4 (vai-
id for ® > E;/4e) approximately predict the value of the
contact resistivity for the simple geometry of a planar re-
grown contact for a given concentration of traps. Using for-
mula (29) of Ref. 4 for tunneling to analyze our results at
300 K we find that the contact resistivity p, <2X 1077
Qem? for a r™ =6X 10" cm™? layer regrown on an
n = 2% 16" cm ~? substrate is consistent with P « 20 meV
or, from Eq. (1), N, must be less than 4 < 10*! e ~2 Using
formula (3) from the same reference, valid for low tempera-
tures, we get similar estimates of both @ and N,;.. This indi-
cates that the contact resistivity of the regrown GaAs layer
for such parameters of the structure and interface barrier
should be temperature independent, as we measured.

The geometry and structures of the samples studied here
are shown schematically in Fig. 2. For the study of the
planar contacts [Fig. 2{a}], the regrowth was performed on
unpatterned wafers. Two wafers that contained 200 nm n -
GaAslayer doped with Sit0 3.0x 10" cm™ * undera 200 nm
w layer of GaAs doped with Si to 2 X 107 cm ™ were slightly
chemically etched in order to imitate the processes involved
in patterning. Two different dopant clements were used in
the regrown GaAs layers: Si~[.5% 16" cm™ or
Sn~1x 10" cm 7. The regrown layers were 200 nm thick
for both wafers. After the regrowth, the layers were pat-
terned using standard reactive ion etching technigues to pro-
duce the samples for testing electrical properties of contacts.
We used the transmission line method (TLM)® to measure
contact resistivity. The length of the contacts was 6 yum and
the separation between them varied from 1 to 6 gm in steps
of 1.5 um. The width of the transmission line was 20 ym.
Approximately 30-50 transmission lines were measured for
each structure. The correlation coefficient of these struc-
tures was greater than 0.9995, implying a uniform geometry
of the lines and homogeneity of the contact resistivifies on a
given transmission line structure. These measurements pro-
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FIG. 1. Schematic potential diagram of a contact between a regrown layer
{n*-GaAs) and an n-GaAs layer with a concentration of traps, N, at the
interface.

vide an estimate of contact resistance R, and the sheet resis-
tance of the transmission line R 5. The average values of
these quantities measured at 300 and 77 K are summarized
in Table 1. The relative error of the data is 10%. The values
of contact resistivities for Sn-doped contacts are somewhat
higher due to an initial doping transient which resulted in a
lower doping concentration near the regrown interface. This
problem was later resolved when the regrowth was applied
to edge contacts. The value of the transfer length defined as
L, = R /R is much shorter than the length of the contact,
as required by the transmission line method. It should be
noted that contact resistivity p, is defined from the theory of
transmission line techniques as p, = RZ/R,,. p, includes
the contribution of separately measured AuGeNi alloy con-
tact to the regrown layer g, and a coniribution from the #
layer. The contact resistivity of the » layer, g, , is established
analytically using the value of bulk resistivity p,:
Do = Ponl,, Where £, is the thickness of the » layer. Accord-
ing to formula (1) and the formulae in Ref. 4, the results in
Table I imply that the number of traps at the regrown inter-
face should be N; ~4 10" cm ™7, in agreement with pub-
tished data.'?

The structures shown in Figs. 2(b) and 2{c} were fabri-
cated to test lateral regrown contacts. Wafers containing a
thin 7" layer of GaAs doped to 310" em ™ and a 2DEG
with eleciron density # = 7 < 10'' ¢m % were patterned in
the form of a transmission line. The contact areas on the
transmission line first were etched 50 nm deeper than the
conducting layer and later refilled by » *-GaAs. Growth oc-
curred selectively within the contact areas using a 5iN layer
as a mask.” Two types of dopants were again used in the
regrown layers, Si: ~3x (0¥ cm ™ and 8a ~ 1 < 16" em ™2,
The results of TLM studies on these stractures are summar-
ized in Table EL. As in the case of planar contacts, the resis-
tance of the lateral contact to a narrow channel of n 7 -GaAs
for both types of dopants in the regrown layer is very low.
The mean standard deviation of the measured values of R,

TABLE I. TLM data on the vertical regrown contacts (structure A).
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FIG. 2. Schematic view of the fabricated structures (a) regrown contact to
a*/nlayers of GaAs, (b) lateral regrown contact to an n™ -(3aAs narrow
channel, (¢) lateral regrown contact o 2DEG.

given in Table II (excluding 2DEG data) is estimated to be
~1x10"? £k cm. The presented results are rounded to a
half of a significant digit. If we assume that the cross-section-
al area of the contact is given by the thickness of the n ' layer,
~ 10 nm, a contact resistivity of p = 4 X 1¢ 7 {t em? is cal-
culated from our measurements. The contact resistance is
temperature independent for this structure. This result is
consistent with the absence of the barrier at the regrown
interface. The situation is quite different on the 2DEG struc-
ture. The large and temperature-dependent contact resistiv-
ity indicates that there is 2n enhanced concentration of traps
at the interface between the 2BEG and regrown layer rela-
tive to the two cases discussed above. It is quite plausible that
the proximity of theAlGaAs surface to the contact ares
could contribute to high contact resistance. The number of
traps at the surface of theAlGaAs could be much larger than
at the GaAs surface due to the presence of an Al-rich oxide.

We used a computer simulation® to investigate the elec-
trical properties of contacts to the GaAs/AlGaAs hetero-
junction including the effect of interface traps. Figure 3
shows a potential diagram and contours of the carrier den-
sity obtained from the numerical solution of the two-dimen-
sional Poisson eguation for the lateral contact of an 1™ re-

T=30K T-=77TK

Type of

dopant R,/ R.(frem)y  L,tum) p (em®) pl{Qem®® R (/D) R{(Qem) Lyum) p (Sicm®) pl(cm?)?
Si 60 5% 1077 0.8 42x1077  L3x1077 55 45x10 *? 0.8 37x100 7 1Lox1077
Sn 53 6.5x 1077 1.1 TR0 5110 7 S0 3X 10 ¢ 1.6 1.3%10°°  1.ox10 °
Py =P~ Pay - Per Where p, = RI/R, pyy - 9X 107* Q2 em? (measured). p,, = g, 0, = 18X 107" Qem?, 1, = 2% 107  em. p,, = 9X10 72 (tem

(textbook).
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TABLE 1L TLM data on the lateral regrown contacts (structures B and Cj.

Type of structure T=300K '=7TK

and dopant R, (&/TD) R (Qem) P (frem’y* R, (/1) R .(tem) po (G em™y®
lateral B:Si 625 4x10°° 4x10°° 623 4x107F 4% 1077
lateral B:Sn 870 45%x1077 4.5x1077 870 45x10 7 4.5>10°°
2DEG C:Si° 1250 4x30" 4x 1077 4 4x10°°
2DEG C:Sn” 900 1L5%10 ! 1.5x 1077 4x 107! 4x10°7
2DEG annealed C:Sn 1250 21077 2X 107" 860 2x1077 Ixi0™*

bp, -= R, where w:= 13X 107° cm.

" - ¥ curve of the contact is nonlinear; value of contact resistance is given for 1 pA/um.

grown layer to an AlGaAs/GzaAs heterojunction for
different sidewail sicpes: {a} normal and (b) 45" of regrown
interface. We used Ny, = 5% 10" cm ~? as the number of
traps at the interface between the regrown layer and AlGaAs
and Ny, = 5X 10" cm ™7 as the number of traps at the inter-
face between the regrown layer and GaAs for both geome-
tries presented in Fig. 3. The numerical studies indicate that
a N, =5x10 em 7 at the interface of the regrown GaAs
fayer with AlGaAs would deplete the 2DEG at the corner of
the contact with regrown GaAs in the sloped sidewall case
[Fig. 3({b} | resulting in a high value of the contact resistiv-
ity, whereas having a 90° vertical sidewall [ Fig. 3(a) ] would
greatly reduce the confact resistivity. The slope of the
sidewall obtained from the isotropic chemical etching used
in our experiment is expected to be close to 45°. The calculat-
ed contact resistivity for this case, shown in Fig. 3(b), is
similar to the results observed in our experiment. It aiso fol-
lows from the computer simulations that the contact resis-
tance could be reduced significantly if the contact to the
2DEG layer is moved about 20 nm away from the corner of
AlGaAs. Practically, this requires diffusion of dopants from
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FIG. 3. Contours of electron density for regrown contacts to 2DEG for (a)
90° and (b) 45° slopes of regrown tnterfaces.
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the regrown GaAs layer faterally into the 2DEG region. We
have attempted such a diffusion on the 2DEG samples re-
grown with an Sn-doped GaAs layer. Sn possesses a high
diffusion coefficient relative to 8i. We annealed the samples
at 850 °C for 20 min and then measured their contact resisti-
vities. As predicted by the simulations the contact resistivity
becomes very small and temperature independent (see Table
11). The average is determined with 25% relative errror.
Although the study of the Sn diffusion in the lateral dimen-
sion is incompiete, we can estimate the 8Sn diffusion distance
of ~100 nm.

Qur contact resistivities are sufficiently low that a com-
parison to the limiting contact resistance in the absence of
any barrier becomes relevant. Assuming that the transport
region, namely, the length of the n layer, is shorter than the
mean free path in this region, yet larger than the carrier spill
over region from the n'" layer, the contact resistance in the
Iimit of vanishing applied wvoltage is found to be
Pomin = mD/e’n. This foliows from the simple argument
that the current flow is limited by the average thermal veloc-
ity  for a nondegenerate electron gas. In the case of a degen-
erate electron gas, m-U should be replaced by the Fermi mo-
mentum Pp. This resistance is equivalent to the Sharvin
resistance’ for a degenerate electron gas. Using a typical val-
e of 7= 2x 107 cm s !, minimum contact resistivities of
~5x10* Gem?for n=1x10"cm and ~2.5%x107°
 cm* forn = 2 10" em™ ® are derived. The experimental-
Iy determined contact resistivities for vertical structures as
well as lateral contacts to thin layers and two-dimensional
electron gases are quite close to these fundamental limits.
The excellent electrical characteristics of these contacts,
coupled with the selective nature of the growth, should have
many useful applications in a wide range of devices.
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