Doping in semiconductors with variable activation energy
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A concept of doping that permits for the first time the freedom to design the desired
activation energy of a dopant in a semiconductor is introduced and demonstrated. This doping
engineering (DE) may also offer the possibility of achieving dopings in semiconductors

in which a normally employed doping process is not successful, such as in wide band-gap II-
VI semiconductors. Experimentally, we demonstrated that the normal activation

energy, ~19-25 meV of berrylium (Be) in GaAs was reduced to 4 meV in DE

GaAs/8-Al; ;Gag ;As(Be) sample.

When a semiconductor is doped with donor or accep-
tor impurities, impurity energy levels are introduced in the
forbidden band. For each specific impurity in a semicon-
ductor, there is one (and in some cases, more than one)
characteristic ionization energy (also referred to as activa-
tion energy). This activation energy is fixed and cannot be
changed under normal operation conditions. For hydro-
genlike shallow impurities, the ionization energy is given
by the Rydberg constant corrected for the carrier effective
mass and the dielectric constant of the semiconductor

etm*

1
E,-=5‘ (4#6)—2‘7'2’, (1)
where € is the permitivity of the semiconductor and m* is
the electron or hole effective mass. As a result, there is very
limited choice of dopants for each semiconductor. In some
semiconductors such as the wide-gap II-VIs there can be a
complete lack of one type of effective dopant. Very often
for each semiconductor there is actually only one or two
dopants that are found to be suitable for use when other
constraints such as, its solid solubility in the semiconduc-
tor, its easiness and compatibility with the doping process
and device processings, and its solid-state diffusion are con-
sidered. .

It has been shown previously'” that Eq. (1) cannot be
applied to impurities located in a quantum well. Upon
placing impurities in a quantum well, the quantum well
potential must be considered in addition to the 1/r Cou-
lomb potential. As a result, the impurity activation energy
increases if the impurities are located in the well. The mag-
nitude of the increase can be four times the effective Ryd-
berg energy for the limiting case of an impurity atom con-
fined to two dimensions.’ In this letter, we demonstrate for
the first time the effective Rydberg of an impurity atom
cannot only be increased but also be decreased by intro-
ducing impurities into the thin barriers. We further show
that impurity ionization energies can be eliminated, i.e.,
can approach values of zero. Thus, impurity activation en-
ergy can be designed with a high degree of freedom. We
refer to this technique as doping engineering (DE).

Figure 1 schematically shows the basic idea. n-type
doping is chosen as an example. Figure 1(a) shows the
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normal n-type doping with the dopant having a fixed E; in
a uniform semiconductor host A. In Fig. 1(b), the donor
atoms instead are confined to a lattice plane inside a dif-
ferent semiconductor host B, which is only a few mono-
layers thick (e.g., $4 monolayers). The ionization energy
in a quantum well is also modified by the confinement of
the impurity wave function by the quantum well. This ef-
fect has been considered in the literature.* Calculations
show that the binding energy increases with decreasing
well width but, rather than reaching a maximum at zero
well width, reaches a maximum at a non-zero well width.
For clarity in this schematic diagram this slight energy
modification of Ep due to quantum effect of donor atoms
located inside a narrow energy well, and energy potential
well modification due to § charge is not included. The
donor atoms confined to semiconductor host B will have an
activation energy Ejp relative to the conduction band edge
of semiconductor B. Relative to semiconductor host A, the
effective activation energy, E .;s~AE-+ Ep, where AEis
the conduction band discontinuity between semiconduc-
tors A and B. Since semiconductor B is made very thin, the
structure behaves as if having a donor doping with an ef-
fective activation energy E . in the uniform semiconduc-
tor host A. By varying AE, i.e., having a different semi-
conductor B, one can have different E .5 As an example,
semiconductor A can be InP and semiconductor B can be
InGaAsP. Since semiconductor B layers are kept to a
thickness of not more than a few monolayers, strained lay-
ers can also be used without incurring misfit dislocations.
This further opens up the range of E s that can be
achieved. The equivalent 3-dimensional {3D) doping con-
centration is then determined by the 2-dimensional (2D)
doping density and the periodicity of the semiconductor B
layers. In the above case, E ;¢ is usually larger than E,,.
In Fig. 1(c), semiconductor B has a wider band gap
than the host semiconductor A. The E s can then be
smaller than £,. Actually, in Fig. 1(d), E 4.4 becomes neg-
ative implying no energy is needed to ionize the donor
atoms. In fact, this can be considered as the limiting case of
modulation doping in which the thicknesses of both the
impurity doping is confined to a lattice plane and the wide
band-gap semiconductor layers (a few monolayers) are
pushed to the very thinnest limit. An example of cases (c)

© 1992 American Institute of Physics 115

Downloaded 30 Jun 2003 to 128.113.111.105. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



LATTICE - MATCHED OR STRAINED

SEMICONDUCTOR B

SEMICONDUCTOR A (<A FEW MONOLAYERS)

rd N K
cB E _LI_LI“‘LI_{LIF‘—AEc
A -E
o+ F + + + + + +Z + B

DONORS s/ Epeff
8- DOPED
DONOR
VB _—t ..n..mn
(@) . (b}
” Il H H l f|;!\fl;|\f| I\IH\
+ + + + _T_ / / EAeffSO
/ / . Eaaff 8- DOPED
3-DOPED DONOR
DONOR
() (a)

FIG. 1. (a) The normal n-type doping with the dopant having a fixed E
in a uniform semiconductor host A. (b), (¢), and (d) illustrate the new
concept of doping engineering under three different conditions.

and (d) can be realized in GaAs/§-AlGa;_,As or
InP/§-Ga,In; _ P for lattice-matched and strained-layer
systems, respectively. In addition, our DE differs from
modulation doping (MD) as we illustrate in Fig. 2. In MD
the carriers are spatially removed from the parent accep-
tors and are no longer bound by Coloumb attraction to its
parent. In many MD structures the dopant is found dis-
placed from the heterointerfaces by distances that are
larger than an impurity Bohr radius. Instead, the free car-
riers occupy energy eigenstates at the bulk heterointerfaces
as our example illustrates in Fig. 2(a). However, in DE,
we chemically change only the dopant location for dis-
tances smaller than the impurity Bohr radius. The quasi-
free-carriers still remain partly bound to its parent accep-
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FIG. 2. (a) A p-type modulation doped (MD) structure, (b) a p-type
doping engineered (DE) structure. It illustrates the difference between
MD and DE.-
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FIG. 3. A TEM photograph of a GaAs/8-Al,;Gay;As(Be) DE sample.

tor but with reduced energy activation as illustrated in Fig.
2(b).

In essence, doping engineering permits the freedom to
design the E, of a dopant in a semiconductor. In fact, it
may prove to be particularly useful for achieving dopings
in semiconductors in which a pormally employed doping
process is not successful. An example is p-type doping in
ZnCdSe, which has not been very successful so far. By
interleaving ZnCdSe with p-type (e.g., Be) &-doped
Al In; _ P p-doped wider band-gap II-VI layers, p-type
doping of ZnCdSe may be possible.

To demonstrate the concept of doping engineering, we
have grown a GaAs/8§-Al,;Gagy,As(Be) structure shown
by the transmission electron microscopy (TEM) photo-
graph in Fig. 3. For the DE sample, the Al ;Gag;As thick-
ness is ~15 A and contains a 8-doped Be (2D concentra-
tion 210 cm~?%) layer at the center. The GaAs
thickness is 210 A. The total thickness of the sample is 1.5
pm. This combination should result in an equivalent bulk
hole concentration of 10'® ¢cm ~? in GaAs. For compari-
son, the same periodically modulated structure was grown
but it was uniformly doped with Be at the 10'® cm ~ 3 level.

Experimentally, Be -doping is achieved by growth in-
terruptions during epitaxial growth by gas-source molecu-
lar beam epitaxy described previously.*> A relatively low
growth temperature of ~500°C is employed to avoid un-
desired diffusion and segregation effects. The absence of
such redistribution effects under appropriate growth con-
ditions was previously demonstrated.” Schottky contacts
(diameter = 250 pm) are used for the capacitance-voltage
(C-F7) evaluation. A HP 4194 impedance analyzer is used
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FIG. 4. Shows the C-V hole concentration profile as a function of depth
for the sample shown in Fig. 3.

for the measurements. Care is taken to verify a phase angle
close to 90" for all voltages applied to the samples. Figure
4 shows the C-¥ hole concentration profile as a function
depth. The spikes are periodic with a period of ~190 A,
which agrees quite closely with that measured from TEM.
The averaged hole concentration measured by C-V tech-
nique is ~10' cm ™3, again agrees quite well with the
intended doping and the Hall measurements shown in
Fig. 5.

As a practical demonstration of the DE concept, we
perform variable temperature Hall effect on the two struc-
tures specified above. Figure 5 shows the carrier concen-
tration versus reciprocal temperature as circles for the DE
sample and triangles for the homogeneously doped speci-
men. In these investigations we have chosen the Be con-
centration to be an order of magnitude lower than the
critical concentration corresponding to a Mott transition of
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FIG. 5. A plot of the hole concentration measured by Hall technique for
both the uniformly doped and DE samples as a function of inverse tem-
perature.
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holes in GaAs. By doing so, our variable temperature re-
sults should reflect the true ionization energy of the dopant
instead of reduced energy activation caused by impurity
banding effects. Indeed, the thermal behavior of the homo-
geneously doped sample shows this to be the case. Figure 5
illustrates that hole freeze-out commences at temperatures
just below 100 K. By 30 K the hole concentration has
fallen to one-tenth of its room temperature. Clearly, this
behavior is the expected thermal characteristics of lightly
Be doped GaAs. By contrast, the thermal dependence of
the carrier concentration is observed to be much weaker
for the DE sample. For instance at 30 K the DE concen-
tration has only fallen by a factor of two of its room-
temperature value. One further feature of the low-temper-
ature carrier concentration dependence is that both
structures exhibit Arrhenius behavior at very low temper-
ature. We may analyze their dependencies to quantify
more precisely the change in impurity ionization induced
by the DE concept. However, to simplify the analysis we
assume the thermal dependence of the carrier concentra-
tion is associated with only carrier freeze out whereas other
thermal dependencies from interface/surface depletion and
band transport factors are negligible in comparison. As
Fig. 5 shows both the DE and homogeneous doping may
be fit by an Arrhenius expression at very low temperature
as evidenced by the solid and dashed lines. From their
slopes we estimate the impurity ionization is 19.0 meV for
homogeneous doping and 4 meV for DE. The 19 meV
energy is in reasonable accord for the known binding en-
ergy of Be (25 meV) in GaAs.

The reduction in Be ionization energy induced by the
DE concept is remarkable since we have reduced the im-
purity binding energy by a factor of five its value in con-
ventional doping. For comparison, changes in acceptor
binding energy in GaAs brought about by different chem-
ical dopants are only about 30% of the acceptor binding
energy. The fact that carriers in the DE sample are weakly
bound ~4 meV instead of zero binding energy, i.e.,
E, =0 as argued in Fig. 1, is because the quasi-free-
carriers still remain partly bound to its parent acceptor as
illustrated in Fig. 2(b). The measured hole mobilities of
the uniformly doped and DE samples are 380 cm?/V s and
300 cm?/V s at room temperature and 3800 cm?/V s and
4300 cm?/V's at 77 K, respectively. No significant differ-
ence was observed. Hence, our DE structure retains bulk-
like transport characteristics and not the enhanced mobil-
ity typical of MD structures. The DE contains, of course,
the flexibility in design of the ionization energy.
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