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The §-doping concept is applied to selectively doped heterostructures in the
Al, Ga, _,As/GaAs material system. High two-dimensional electron-gas concentrations

>1.5X10% cm?

are obtained at 7' = 300 K in such selectively §-doped heterostructures due

to (i) size quantization in the Al Ga, _, As and (ii) localization of donor impurities within

z

one atomic monolayer. Shubnikov—de Haas measurements yield #,0 = 1.1 X 107 cm ™ at
300 mK and at a spacer thickness of 25 A. Selectively 8-doped heterostructure transistors
(SADHT’s) are fabricated and have excellent characteristics due to the enhanced electron-gas

concentrations achieved. A very high transconductance of g,

=360 mS/mm at a gate length of

1.2 gom is obtained in depletion-mode SADHTs at 7' = 300 K.

The seminal concept of selectively doped heterostruc-
tures was introduced nearly ten years ago.' The unique prop-
erties of these heterostructures are the guasi-iwo-dimension-
al electron gas (ZDEG) at the Al Ga,_ ,As/GaAs
interface? and high carrier mobility.”” Both fundamental
and applied research have been stimulated by the invention
of selectively doped heterostructures, giving rise to the ob-
servation of the fractional quantization of Hall effect® and
the fabrication of selectively doped heterostructure transis-
tors.> 1!

The concept of é-doping allows us to localize donor or
acceptor impurities within one monclayer of the host semi-
conductor crystal'? giving rise to size quantization in a V-
shaped guantum well."* Very high eleciron concentrations
exceeding 10" cm ~? have been obtained in §-doped GaAs."?
The §-doping technique is very interesting because it repre-
sents the ultimate technological limit of impurity profiles;
the technique has resulted in a series of novel electronic™
and photonic'® devices.

In the present work we combine the d-doping concept
with the concept of selectively doped heterostructures. We
show that such selectively &-doped heterostructures
(SADH’s) can have high concentrations of the 2BEG,
which are not achievable in conventional, homogenecusly
doped heterostructures. We will first describe the basic
structure of the SADH, then demonstrate the high concen-
tration of the 2DEG by Shubnikov—de Haas and Hall mea-
surements, and finally present the novel selectively &-doped
heterostructure transistor (SADHT).

The molecular beam epitaxial growth of the new struc-
ture formed by & doping will be reported by Cunningham ef
al.? The investigations include the guantum Hall effect and
variable temperature mobility. The resuits show that en-
hancements in interface densities are achievabie, and
further, there is potential for very high mobility.

The energy-band diagrams of the new SADH and the
conventional SDH are shown in Figs. 1{a) and 1 (b), respec-
tively. In the SADH [Fig. 1(a)], all donor impurities are
localized in a plane at a distance W, from the
Ai, Ga, _  As/GaAs interface. This unique donor localiza-
tion results in a V-shaped quantum well with a lowest sub-
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band energy of EJ5. In the conventional SDH, the
Al _Ga, _ _As conduction band has a parabolic shape {Fig.
1(b)] with negligible size quantization. For the sefectively §-
doped heierostruciures (SADH’s) we can write the energy
balance, K = 0: SADH:

ZE = — Ey— (E; — Eo) + AE, —gEW; + Ej

+ (Ex —E{), (1)
where E, is the lowest subband energy of the 2DEG,
(E, — E,) is its degeneracy, AE, is the conduction-band
discontinuity, E ¢ is the lowest eigenstate energy in the V-
shaped quantum well of the Al Ga, __As, (E. —EJ) =0
(no mobile carriers in the Al_Ga, _ As), and E is the elec-

(2)

E

FIG. 1. Energy-band diagram of a {a) selectively §-doped heterostructure
and a (b) homogeneously doped heterostructure. A heterostructure (c)
which is § doped in a GaAs quantum well avoids persistent photoconductiv-

ity.
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tric field within the spacer. In Eq. {1) we assume that none
of the two guantum wells (V-shaped guantum well in the
Al Ga, _ , As, and triangular well at the semiconductor in-
terface) perturbs the eigenstate energy of the other corre-
sponding guantum well. For the (homogeneously) selective-
Iy doped heterostructure (SDH) we can write the following
sum of energies, 2 =G

SE= —E,— (Ep — Ey) + bE, — gEW, — gV, {2)

where ¥, is the potential drop within the depletion regicn,
as shown in Fig. 1(b). Comparison of Egs. (1) and (2}
yields two results. First, in the SADH [see Eq. (1], the
cigenstate energy in the VY-shaped quantum well of the
Al Ga,_ ,As, E§, adds up to the barrier height, AE,.
Therefore, we can understand the sum (E§ 4 AE,) as an
“effective conduction-band discontinuity” which is enhanced
as compared to the conventional SDH. Second, the potential
drop in the depletion region {see Eq. (2)1, — gV, does not
enter Eqg. (13. The depletion width approaches zerc due to
the flocalization of downor impurities in the &S-doped
Al Ga, _As. The SADH has consequently two advan-
tages: (i) effective discontinuity enhancement due to size
guantization in the Al_Ga, _ _As; (i) absence of depletion-
region potential drop due to localization of donor impurities
inthe 8-doped Al Ga; _ . As. Both characteristics will result
in the desired increase of the concentration of the 2DEG.
Before we calculate the carrier concentration of the 2DEG,
we would like io draw the attention of the reader to Fig.
1(c). This structure uses a GaAs guantum well which is &
doped. If the GaAs quantum well is thin enough ( < 10 Ay,
the eigenstate energy in the Al Ga, _, As is not influenced
significantly. Such a structure would maintain the advan-
tages of the SADH and, in addition, would reduce the prob-
lem of persistent photoconductivity associated with the
“deep donor” in the Al_Ga, _, As' by spatially separating
donors from the Al Ga, _, As."

Simple quantum mechanical and electrostatic consider-
ations allow us to replace the energy terms of Egs. (1} and
(2) by terms that depend on the two-dimensional electron-
g&s concentration #,pp only.

=4 (n+ 1) (@ 2rfnypeg /enm* )P

withn = 0,1,..., (3)
Ep —Ey=k;TIn[exp{fypps ke TDp) — 1], (4)
with D, = m*/(7#), (5)
AE, = (2/3)AE, (6)
K= {q/¢,)tnpc (73
EL =271 + UGN P e m* P, (8)
E,—ES=0, (9)
GV = ¢ ninpe /26N p. (10}

Inserting Eqgs. (3)-(10) into Egs. (1) and (2) yields equa-
tions of third order, which depend on #,5 only. The re-
sulling equaticons can be solved graphically. As shown in Fig.
2 the solutions for 1,y are obtained as the intersection of
the solid and dashed curves. With an Al mole fraction of
x =030 (AE. = 250 meV) and a spacer thickness of W/
=350 A, a 2DEG concentration of #,pp, = 10.4X 10"
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FIG. 2. Graphic solution for carrier concentrations in a selectively S-doped
-7

heterostructure (SADH)} (5, = 19.6 X 10" em™?) and a homogen-
eously doped heterostructare (SDH) (1,556 = 10.4X 10 cm™?).

cm™? is obtained for the homogeneocusly doped (N

= 2% 10" cm™3) heterostructure. A significantly higher
concentration of Zyppg = 19.6 X 10'! cm™? is obtained for
the S-doped (N3P = 5% 10'? cm™?) heterostructure, de-
monstrating the advantage of selectively §-doped hetero-
structures. Although the present calculation is simplified in
some respect {e.g., deep donor contribution'® neglected),
the calculation shows the basic effect of concentration en-
hancement.

The heterostructures are grown in a molecular beam
epitaxy system. The SADH’s consist of a l-um-thick un-
doped GaAs buffer layer, an undoped 25-A-thick
Al Ga, _ | Asspacer, the n-type &-doped sheet of concentra-
tion N 2P = 5 10" em 7, followed by a 375-A-thick n-type
Al Ga, ,Aslaver. For the ficld-effect transistors a 750-A-
thick #*-type GaAs top layer (N, = 1 < 10" cm™?) is in-
cluded. The SADHT has a gate width of 150 gm, a gate
length of 1.2 peme (mask dimension of 1.0 gm), and a source-
drain spacing of 4 pm.

The magnetoresistance of a SADH is shown in Fig.
3(a). Shubnikov~de Haas osciliations with two distinct per-
iods are chserved. We attribute the two oscillations to the
fowest and first excited subbands of the 2DEG. The popula-
tion of two subbands has hitherto not been observed in
Al Ga, _ , As heterosiructures at spacer thicknesses of 25
A. The concentrations within the two subbands are evaluat-
ed by plotting the Landau quantum numbers of the minima
{solid circles) and maxima {open circles) versus reciprocal
magnetic induction, as shown in Fig. 3(b). The slope of this
plot vields the concentrations of 9.7Xx 10" cm™? and
1% 10" cm™ 2 for the lowest and first excited subbands, re-
spectively. The total concentration is then #yppg

= 1.07 X 10"* ¢t~ % at 300 mK. The corresponding mobility
is 2 = 37 000 cm?®/V 5. At Toom temperature a concentra-
tion of 7, = 1.7 X 10" cm ~? and a mobility of 8900 cm?/
V s have been obtained from Hall measurements.

Selectively doped heterostructure transistors have typi-
cal concentrations of 7,555 <1 X 10 cm ™2, It is difficult to
obtain higher concentrations in the material system
Al _Ga, _,As/GaAs by homogeneous doping. The high
2DEG concentration that can be obtained in the selectively
S-doped heterostructures is favorable for field-effect transis-
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FIG. 3. (a) Low-temperature magnetoresistance of a selectively &-doped
heterostructure. (b} Evaiuation of the two perfods of the Shubnikov—de
Haas oscillations yields a concentration of 9.7 X 10** and 1 X 10" em ~* for
the lowest and first excited subbands, respectively.

tor performance. In Fig. 4 we show the output characteris-
tics of two depletion-mode SADHT’s. The SADHT s have
low ON resistance (R, = 1.83 £} mm ), excellent saturation
characteristics, low differential output conductance in the
saturation regime, and good pinch-off characteristics. A
very high transconductance of up to g,, = 360 mS/mm is
obtained from the SADHT. A transconductance of 320-360
mS/mm is measured in a considerable number of SADHT’s
on the same wafer, The processed wafers have good homo-
geneity and yield. The contact resistance is measored to be
R, =007 O mm. At a low temperature of T=77 K a
transconductance of g,, = 420 mS/mm is obiained. The
lower part of Fig. 4 shows the gate-source current-voltage
characteristic. A large breakdown voltageof V= — 6V is
measured in the reverse direction.

In conclusion, a novel selectively 8-doped heterostruc-
ture is proposed. The high concentration of the two-dimen-
sional electron gas is shown to be due ic (i) the gnantum-size
effect in the 5-doped region of the Al, Ga, _ , As, and dueto
(ii) the spatial localization of donor impurities. The calcula-
tion of the carrier concentration vields an enhancement in
the SADH. The high carrier concentration is confirmed by
Shubnikov-de Haas measurements (fppg = 1.1X 10"
cm %, g = 37000 cm?/V s} and by Hall effect at 300 K
(#yppe = 17X 10" cm ™2, g = 8900 em®/V s). SADHTs
have improved characteristics due to the high electron-gas
concentration. Very high transconductances of g, =360
mS/mm have been obtained from SADHT’s with a gate
lengthof L, = 1.2 um.

The authors gratefully acknowledge helpful discussions
with T. H. Chiu, T.Y. Chang, J. M. Kuo, M. B. Feuer, N. I,
Shah, and H. L. Stormer.
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FIG. 4. Drain current vs drain-source voliage of a selectively 5-doped het-
erostructure fransistor with a transconductance of (a) 327 mS/mm (at ¥V
= + 0.3 V; top trace: ¥, = + 0.5 V; ¥, = 100 mV/step) and (b} 347
mS/mm (at ¥, = + 0.2V topirace: ¥V, = + 05V, ¥, = 100 mV/step).
A gate-source current voltage characteristic is shown in the lower part.
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