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Theoretical investigations of doping of several wide-gap materials suggest a number of rather
general, practical “doping principles” that may help guide experimental strategies for overcoming
doping bottlenecks. €2003 American Institute of Physic§DOI: 10.1063/1.1584074

Since the operation of carrier-transporting heterojunction(chargeq>0) is incorporated into a solid, it donates elec-
devices is predicated on ambipolg- and n-type) doping, trons that join the free-carrier reservoir whose energyds
the failure to successfully dope certain classes of materials ihus, as Eq(1) shows, the total donor formation energy in-
an important bottleneck for the technological utilization of creases linearly wittE. Similarly, formation of electron-
these materials in electronic devices. As the band gap of eapturing acceptoré&chargeq<0) entails removingy elec-
material increaseg.g., Si-GaAs—ZnSe—Zn0) it gener-  trons from the Fermi reservoir, thus, the acceptor formation
ally becomes increasingly difficult to dope it in a symmetric energy decreases linearly wily . These trends are depicted
(n andp type) fashion. For example, whereas diamond canschematically in Fig. (). It follows from the linear depen-
be dopedp type, itsn-type doping is rather difficult;con-  dencies orEg that when we deliberately dope a materials
versely, while Zn3~° and other main-group oxidesan be  n-type (via donor3, thus shifting itsEg towards the conduc-
readily dopedn type, their p-type doping is problematic. tion band, the formation energy of native acceptors, such as
Striking doping regularities also appear in compounds beeation vacancie¥ or DX centers would decrease to a point
longing to the same chemical class, e.g., ZnTe and AIN arghat such “electron-killers” will form spontaneously. For
difficult to dopen type, whereas CdS and GaN can be readilyexample'® n-type doping of GaAs:Si is limited by the spon-
dopedn type;’ CulnSg can given-type conduction whereas taneous formation of ¥,, whereasi-type doping of Si:As is
CuGaSeg can exhibit only p-type conductiof. Doping  |imited™® by the formation of \4. An extreme example for
bottlenecks have attracted significant attention by both exthe spontaneous formation of cation vacancies in response to
perimentalists (see reviews in Refs. 1 and)2and n-type doping is the creation of the ordered-vacancy struc-
theorists} ™" providing highly detailed studies on individual ture JCuGaGeSgwhen one dopes one of the Ga sites of
cases. Yet, this case-by-case focus has sometimes detractgthicopyrite 2CuGaSe Cu,GaSe, by germaniunt® In
from observing general regularities and formulating “doping general, once one reaches the Fermi ené&gy called “n-
rules.” In this work, | attempt to distill from recent theoret-
ical studies of individual hard-to-dope systém< some
general, practical doping principles, loosely referred to as
doping rules. Although such Pauling-esque rules do not Donor Acceptor
cover all cases, or identify all exceptions, they might provide

basic design guidelines for systematically navigating in the (+/0) (0/-)
complex parameter space of experimental attempts to over- o
come doping bottlenecks. ‘% o
I will divide the practical doping rules into those that
emerge from(i) Fermi-level-induced compensation effects
(spontaneous generation of “killer defecjsTii) the effects E, Fermi Energy (Ex) Ee

of adjusting the chemical potentials of the different elements,
and (iii) local bonding effects of the dopant to the lattice.
These effects are encoded in the basic three-term formula
that describes the formation enthalpy of dopBnof charge
stateq in host crystaH:

AH(D’q)(,lL,EF):qEF+nD(MD_MH)+AEb’ (1)

Defect Formation Enthalpy AH®9(Eg, )

whereup and wy are the chemical potentials of the dopants
and host,Eg is the electro(chemical potential (Fermi en- - - ;

. Cation Chemical Anion
ergy), np is the number of dopantg\E,= E(host+ defect) rich potential (u1) rich
—E(host) is the excess energy of the local chemical bonds

aroupd the, dOpam’ art Is, t_he total engrgy. . FIG. 1. (a) Schematic depiction of the dependence of the formation enthalpy

(i) Doping rules pertaining to Fermi-level-induced com- of defecta in charge stateg=+, 0 and— on the Fermi energy. The solid
pensation effectsWhen an electron-producing donar  dots denote the dondf0/+) and acceptor(0/—) transition energies(b)
Schematic depiction of the formation enthalpy of some intrinsic donors
(anion vacancy,, cation interstitialC;) and intrinsic acceptorgcation
¥Electronic mail: azunger@nrel.gov vacancyV and anion interstitiah\;) on the chemical potential.
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Rule 1: “ n-type doping is facilitated by materials whose
conduction band minim&aCBM) are far from the vacuum
level, i.e., materials with large bulk-intrinsic electron affini-
ties y. Converselyn-type doping tends to be compensated in
materials with small bulk-intrinsic electron affinities.” This
rule reflects the difficulty im-type doping of ZnTe and AIN
(Ref. 7 or diamond (y=0), the ease oh-type doping
InAs, ZnO, and CdSlarge y). This rule further suggests that
lowering the CBM via selective alloyin¢e.g., adding nitro-
gen to IlI-V’s which leads to huge downwards CBM bow-
ing) will enhancen-type doping?® Any creative chemical
modification that lowers the CBM could facilitate-type
doping.
type pinning energy’E(™ , at which such killer defedte.qg., Ryle 2:“ p-type doping is facilita.ted by material; whoge
cation vacancyforms, no further progress in doping can VBM |§ close to _the vacuum level, i.e., sm_all bulk-intrinsic
be made, since the spontaneously generated electron killeigization potentiab. Converselyp-type doping tends to be
will negate the deliberately introduced donors. Similarly, de-cOmpensated in materials with large bulk-intrinsic ionization
liberatep doping by acceptoréshifting Er towards the va- €nergies.” This rule reflects the ease piype doping of
lence banglwill instigate at some poinE(Fp) called “p-type antlmonlde_s and telluridessmall @), and_the d!ff|culty in
pinning energy” the spontaneous formation of native “hole P-tyP€ doping of the more electronegative oxides and sul-
killers” such as anion vacancy, or cation interstitialC; at ~ Phides (large ®). The rule suggests that enhancedype
which point p-type doping is defeated. Figure 2 shows thedoping can be facilitated by alloying an element that leads to
approximate positions (E(Fn) andE(Fp) in a number of group upward b.owing of the VBM. One way to shift the \{BM
=V and 1I-VI semiconductors, as obtained from first- Upwards is to add a tetrahedrally bonded 8ement with
principles calculation and independently from measured actived states, so that coupling with the aniprband will
maximal carrier densities!* In this figure the valence band displace the latter to higher energies. An example ispthe
maxima were aligned according to the calculatach- typenes& of CUAIO, as compared with oxides such as MgO
strained band offsets, collected in Ref. 19 for most com- OF ZnO that lack shallowd states and, consequently, have
pound semiconductors, whereas the band gap values aggeper VBM energies and are difficult to dopeype. Any
taken from low-temperature experimental data. There is afreative chemical modification that raises the VBM could
approximate alignmetft of the pinning levels(horizontal ~ facilitate p-type doping.
lines) within given chemical groups of compounds. The po-  Rules 1 and 2 explain why diamond is difficult to dape
sitions of the pining levels with respect to the host crystaltype' (x only <0.2 eV) but it is easier to dope diamond
band edges determine dopability. For example, in ZnO op-type (P as low as~5 eV), whereas the other form of
ZnS theE® level is considerably above the valence bandcarbor” Cg is easy to dope type (x as big as 2.7 e) but
maximum (VBM). Thus, the downwards-movingg in de-  difficult to dopep type (® as big as 7.6 e} Also, rules 1
liberatep-type doping will encounteE" before encounter- and 2, taken together imply that ambipolar doping requires,
ing the VBM. At this point the system will generate sponta-in general, a small minimuninot necessarily optically al-
neous hole-killersie.g., Zn or V) before any significant lowed gap, a well-known result. But these rules clarify that
doping commences. Hence, the difficulty in equilibripn  the origin of doping asymmetry in different materials de-
doping of ZnO. In contrast, in tellurides or antimonide$)  pends ony and ® separately.
is at or below the VBM, so a considerable amount of holes ~ The next rules refer to ways of eliminating the particular
can be generated before the pinning energy is encounterddnning centerg“kill the killer” ).
and killer defects form. The relevant doping rules summa- Rule 3: “Since n-type doping is inhibited by electron-
rized in Fig. 3 are as follows. killers such as the cation vacan¥y: , this can be overcome
by designing growth conditions which destabilize cation va-
cancies(“kill the killer” ), e.g., the use of host cation-rich

Band Edges (eV)

FIG. 2. Then-type pinning energy™ andp-type pinning energy: are
shown relative to the absolute band edge enerdiesn Ref. 19 of IlI-V
and I1-VI semiconductors.

n-Type Doping | p-Type Doping growth conditions.” Naturally, the extent of attainable host
Killer defects V;, AT[1] VZ, CT[Q] cation richness is limited by the requirement of not precipi-
To avoid killer, | « Low CBM [1] * High VBM [2] tating competing cation phases such as elemental cation met-
use * Cation rich [3] | * Anion rich [4] als or cation-dopant compounds. Any other method that dis-
To enhance courages formation of cation vacancies will facilitat¢ype
solubility on |, . poor [5] Anion poor [5] doping. This includes passivati(_)n of cation vacr?mcies, e.g.,
anion site, by hydrogen-® In general, materials that form cation vacan-
use cies readily are difficult to dope type.
To enhance Rule 4: “Since p-type doping is inhibited by hole killers
solubility on | 00 poor [6] | Cation poor [6] such as anion vacandy, and cation interstitial<;” , this
::::on site, can be overcome by designing growth conditions which de-

stabilize these defectékill the killer”), e.g., the use of host

FIG. 3. Summary of the doping rules. Their number is given in parenthesisanion-rich growth conditions, or agents that form compiexes
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with killer defects, or preveriE: from moving.” An example  cancy hole-killers. Thus, all other things being equal, it may
is the use of H during Mg dopirt§ of GaN: without H,  prove easier to dp-type doping via cation-site substitution
excessivep-type Mg doping will lead to the spontaneous using anion-rich conditions, whereastype doping can be
formation of \j, once the Fermi energy moves sufficiently done via anion-site substitution using cation-rich conditions.
towards the VBM. But since H acts as a donor, it prevents  (iii) Doping rules pertaining to local defect bonding ef-
the movement o towards the VBM, thus defeats the for- fects.Although large concentration of N can now be intro-
mation of the \{ killer defect. Subsequently, H is annealed duced into Zn®, the desireg-type doping is often unstable
out. This rule suggests, for example, tipatype doping of over time, since the nitrogen bond to Zn is not as stable as
oxides can be facilitated by creating internal oxygen precipithe original Zn—O bon@lAE,>0 in Eq.(1)]. This limitation
tates that eliminate oxygen vacancies, e.g., using NO of NOmight be overcome via “cluster doping**
source$® for nitrogen-doping of ZnO, or using O sources Rule 7: “The local chemical bonding energy around the
for Li doping of MgO (Ref. 23. dopant could be enhanced via decorating the dopant by
(i) Doping rules pertaining to chemical potential effects. strongly bonding ligands which do not disrupt the host
In general, the second term of Ed.) shows howAH for bonds.” For example, whereas the four Zn—N bonds formed
formation of anionic or cationic dopants can be regulated viavhen N dopes the O site in ZnO are weak, replacing in
control of the chemical potentials during growtfig. 1(b)]. otherwise pure ZnO one Zn by A& donoy and replacing the
This figure illustrates the fact that the enthalpy of formingfour oxygen neighbors by four nitrogen atorfecceptors
anion vacancies decreases under host cation-rich conditionsreates in total four very strong AI-N bonds around,Al
whereas the enthalpy of forming cation vacancies decreaséasllowed by 12 weak Zn—N bonds around each of the four N
under host anion-rich conditions. Here, “cation rich” meanssites. Since AIN is extremely stableAE,=4E,_y
the highest cation chemical potential affordable without pre-+ 12Ez,_y<0. Such cluster doping ideas with ratio of 4:1
cipitating the elemental cation metal or other competingbetween acceptors and donors could facilitate stable local
phases. For a cation-site dopdatg., Mn in GaAs, a com-  dopant bonding and enhanced solubititynterestingly, this
peting phase could be a compound between the dopant amtlster-doping is predicted to be more stable than
the host aniorfe.g., MnA3. The more stable this competing “codoping” 25 petween acceptors and dor(oatio of 2:1).
phase is, the lower the dopant chemical potential must be to  The seven practical “doping rules” described here could
avoid precipitation. provide guidelines for creative, yet educated experimenta-
Rule 5: “Anion-substituting dopants will be more tions with various doping strategies for difficult-to-dope
soluble under host anion pode=host cation rich growth  wide-gap materials. They are summarized in Fig. 3.

conditions.” This rule reflects the fact that defects that do- )
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