


Fig. 1. Calculated point defect formation enthalpy in GaAs as
a function of k

G!
.

Si-doped GaAlAs [9,10], and the AX center in N-doped
ZnSe [11].

Categories (i) and (ii) of failure-to-dope can sometimes
be circumvented by changing the dopant or by co-dop-
ing. For example, (i) If Ba is insoluble in III}V com-
pounds, one can attain p-doping by using instead a
smaller divalent cation such as Zn. (ii) If Cu creates a
deep level in ZnSe, one can use N that forms a shallower
level [11]. If P in diamond is too deep, 2P#H can create
a shallower center [12]. However, category (iii) of fail-
ure-to-dope is terminal, since it is not the chemical impu-
rity that causes the failure-to-dope, but the free carriers.
Thus, category (iii) represents the true `doping limita of
a material. For example, no impurity or chemical treat-
ment has so far resulted in any p-doping of main group
oxides (e.g., ZnO, CaO, MgO), or n-doping of alkali
halides or stable n-doping of diamond. Also, GaAs can-
not be doped p-type in excess of 1019 cm~3 [13] (while it
can be doped n-type in excess of 1021 cm~3 [14]) inde-
pendent of the impurity and chemical treatment. Thus,
there must be a yet unknown intrinsic and fundamental
doping-limiting process. We will thus focus our attention
on this intrinsic limit.

In olden days, it was believed that such `doping limitsa
are caused by the very existence of a large band gap [15].
As evidence, it was customary to cite the fact that large
gap materials cannot be doped, e.g., GaN, diamond, and
oxides. Today, it is clear that this is not the case. We
know that some large gap materials can be doped, e.g.,
n-ZnO [16], n-CdS [17], p-diamond [18] and n-GaN
[19]. Surprisingly, however, doping can be strongly
asymmetric with respect to holes and electrons. These
`doping anomaliesa include [20] the facts that (i) ZnO,
ZnS, and CdS can be doped only n-type, while ZnTe can
be doped only p-type. (ii) CuAlSe

2
cannot be doped

either p- or n-type, while CuGaSe
2

can be doped p-type
only, and CuInSe

2
can be doped both p- and n-type, and

(iii) Si, Ge can be doped both p- and n-type while dia-
mond can be doped only p-type. The existence of such

a pronounced asymmetry between n-type and p-type
dopability cannot be explained simply by the existence of
a large gap. We need another explanation.

In the past, each case of failure-to-dope in semiconduc-
tors and insulators was treated surprisingly as an isolated
issue. Thus, the literature on the failure to p-dope ZnSe is
divorced from the literature on the failure to n-dope
diamond or from the literature on doping di$culties in
nitrides and carbides. It appears that there is a need to
study the `science of failure-to-dopea as a generic disci-
pline to frog-leap in this important "eld because as we
will show, there is a common phenomenon that underlies
to all of these failures.

2. Thermodynamics of doping

A key realization regarding doping is that the forma-
tion enthalpy of a charged defect A in a solid often
depends on the atomic chemical potential, k

A
, and al-

ways depends on the electron Fermi level, e
F
, as de-

scribed below. This holds the key to understand, and
overcome, doping compensation.

2.1. Dependence of formation enthalpy on chemical
potentials

The formation enthalpy of a charge-neutral intrinsic
defect A0 often depends on the atomic chemical poten-
tials of the host atoms. For example, to form a cation
vacancy in a binary compound, one cation atom is re-
moved from the host and is placed in the atomic `reser-
voira of energy, k

A
. The formation enthalpy is thus

*H(A0)"E
505

(A0)!E
505

(0)#k
A
, (1)

where E
505

(A0) is the total energy of the host crystal
having a neutral defect A, E

505
(0) is the total energy of the

host without any defect. Fig. 1 shows [21] a few cal-
culated formation enthalpies of native defects in p-type
GaAs as a function of the Ga chemical potential. We see
that the Ga-on-As antisite (Ga

A4
) and the As vacancy

(V
A4

) are easier to form in Ga-rich conditions, while in
As-rich conditions, As-on-Ga antisite (As

G!
) and Ga va-

cancy (V
G!

) are instead easier to form. To suppress com-
pensation by intrinsic defect formation, it is always
advantageous to prepare materials at the chemical po-
tentials that maximize the formation enthalpy of the
speci"c defect.

2.2. Dependence of defect formation enthalpy on the Fermi
level

The formation enthalpy of a neutral defect A0 does not
depend on the Fermi energy, e

F
. However, the formation

enthalpy of a charged defect does. For example, the
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Fig. 2. Schematic change of the defect formation enthalpies
(*H), as a function of the Fermi energy (e

F
).

Fig. 3. Calculated pinning energies, by inverting Eq. (4), for
conventional III}V compounds. The valence band maxima are
lined up in the plot, without any absolute energy scale. Not large
scatter near the conduction band.

formation enthalpy of a positively charged defect A` is
equal to the energy of a neutral defect A0, minus the
energy e(0/#) needed to ionize A0 to form A`, plus the
energy of the ionized electron. Since this electron resides
in the Fermi reservoir, its energy is e

F
:

*H(A`)"*H(A0)!e(0/#)#e
F
. (2)

For a double donor we will have #2e
F
, etc. Thus, as

shown in Fig. 2, the higher the Fermi energy, the larger
the energy needed to form A`. So donors (that produce
electrons in the reaction A0PA`#e~) are more di$-
cult to form in electron-rich (n-type) materials. Similarly,
for acceptors, the formation energy decreases as e

F
in-

creases:

*H(A~)"*H(A0)#e(!/0)!e
F
. (3)

So acceptors (that produce holes in the reaction A~#

h`PA0) are more di$cult to form in hole-rich (p-type)
materials.

These simple considerations show that

(a) If we dope a material intentionally n-type via some
donor impurity, as e

F
moves up in the gap, the formation

energy of native-acceptors *H(A~) decreases. At some
points, the formation energy is so low that such native
acceptors (e.g., cation vacancy or DX centers) could form
spontaneously, thus negating the e!ect of the intention-
ally introduced donors.

(b) If we dope a material intentionally p-type via some
acceptor impurity, as e

F
moves down in the gap, the

formation energy of native donors *H(A`) decreases. At
some point the formation energy is so low that such
native donors (e.g., the AX center) could form spontan-
eously, thus negating the e!ects of the intentionally intro-
duced acceptors.

Thus, the spontaneous formation of native defects de-
termines the maximum and minimum pinning energy
positions over which the Fermi energy can vary.

3. The phenomenological 99doping limit rule::

Based on an earlier `vacuum pinning rulea [22] (that
established the universality of the energetic positions of

deep, transition-metal-impurity levels in semiconduc-
tors), Walukiewicz [23}25] studied the trends in doping
limits in many semiconductors. This study and the fol-
low-on studies by Tokumitsu [26], Ferreira et al. [27],
and more recently by Zhang et al. [20] established a re-
markable `phenomenological doping limit rulea. It
showed that there are common and surprisingly simple
principles that cut across failure to dope in di!erent
material classes. Failure-to-dope is not related to the size
of the band gap per-se, but rather to the position of the
valence band maximum (VBM) with respect to the p-like
pinning energy e(1)

1*/
, and the position of the conduction





For the DX centers, e(/)
1*/

is de"ned as the defect transition
energy e(#/!) at which the donor to acceptor
transition takes place,

e
F
"e(/)

1*/
"e(#/!). (6)

Fig. 6 compares the ab initio e(/)
1*/

values in seven III}V
materials whose band diagram is aligned with ab initio
band o!sets [28]. The dashed lines give the experimental
pinning energies. Fig. 6 shows a clear tendency of line-up
of e(/)

1*/
with respect to the vacuum level. In the case of the

cation vacancy, the scatter among 7 calculated e(/)
1*/

is less
than 0.4 eV. This scatter would, however, be an order of
magnitude larger (3.3 eV), should one line up, as in Fig. 3
the valence band edges without the band o!sets.

5. Strategies to suppress the `killer defectsa

The understanding in (a) the identity of the `killer
defectsa and in (b) the microscopic meaning of the phe-
nomenological doping limit rule in a series of key mater-
ials enables new ways of overcoming the doping limit.
For example, a long-standing problem in the "eld of
oxides is that while they can be made n-type, they cannot
be made p-type. It will be a great success to be able to
make a `p-type transparent conductora. Doping of car-
bides and #uorides poses another outstanding milestone
challenge * so far, most experimental attempts at dop-
ing had failed (except, in part, SiC [29] and CdF

2
[30])

for reasons that remain a rather mysterious puzzle. Suc-
cess here will open a hitherto unexplored future class of
electronic materials and possibly pave the way for new
technologies. How could this study lead to new design
principles to overcome such doping roadblocks?

(i) Work within the bulk defect thermodynamics. One
may design new dopable materials by adjusting the band
edges with respect to the pinning energies. Suppose that
the pinning energy e(1)

1*/
is too high relative to the VBM so

the material cannot be made p-type. Since e(1)
1*/

is "xed, one
may consider increasing e

VBM
, as an alternative. Thus, one

strategy to suppress the killer defect would be to modify
the host material so that its VBM will be higher with
respect to the vacuum level (i.e., reduce the work function).

(ii) `Defeata bulk defect thermodynamics. An example
is [31}33] the co-doping of GaN by Mg and H. Mg is
a substitutional acceptor while H is an interstitial donor.
The two forms a charge neutral defect pair [33], thus the
Fermi energy is not moved away from near the midgap
during the growth and the formation enthalpy of the
killer defect (according to Eq. (1)) remains to be high.
After growth, the H atoms can be removed at low-
enough temperatures at which no killer defect can form,
thus freeing the Mg as acceptors. This may explain the
apparent discrepancy of the p-type GaN from the `dop-
ing limit rulea in Fig. 4.
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