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Improving the electron mobility of devices such as Ge metal oxide semiconductor field effect

transistors requires good Ge/dielectric interfaces. GeO2 thus is reconsidered as a passivation layer

for Ge. However, O-vacancies need to be controlled as they have a deleterious impact on the

properties. We employ electronic structure calculations to investigate the introduction of trivalent

ions (Al, Y, and La) in a-quartz GeO2. The binding energies of the dopant-vacancy pairs reveal

that dopants can be used to control the O-vacancies and reduce the induced dangling bonds. It is

proposed that the introduction of Al will limit the concentration of O-vacancies at low Fermi

energy. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4793786]

I. INTRODUCTION

Materials such as Ge are being actively considered as

candidates for mainstream microelectronic applications.1–9

Previous investigations have proposed that it is very impor-

tant to form good Ge/dielectric interfaces (with reduced

interface state density) to improve the electron mobility of

Ge metal oxide semiconductor field effect transistors

(Ge-MOSFETs).10,11 In the past, GeO2 was introduced as

passivation layer for Ge, however, without success due to its

chemical and thermal instabilities. Over the past decade,

research has focused on high-k dielectrics, resulting in the

fabrication of the first Ge p- and n-MOSFETs. The introduc-

tion of high-k dielectrics such as HfO2 and ZrO2 can lead to

a lowering of the equivalent oxide thickness and sharpening

of the Ge/dielectric interface.12–14 However, the performance

is compromised by the inability to achieve a low equivalent

oxide thickness and good interface quality simultaneously.

Presently, there is a trend to readdress the incorporation of

GeO2 as a possible passivation layer (Ge/GeO2/high-k
dielectric stack). However, this requires the improvement of

the GeO2 as well as its interface with Ge.15–17 There are two

main issues that need to be rectified as they impact the quality

of the GeO2 passivation layer. First, volatile GeO is formed at

temperatures typical of transistor processing.18 Previous stud-

ies suggest that mobile O vacancies are key to the formation

of volatile GeO species.19,20 Second, at Ge/GeO2 interfaces

dangling bonds form, which have a deleterious impact on the

electron mobility of devices.21 Both these issues can be

resolved if the vacancies can be controlled.

Interestingly, Lee et al.22 have proposed a defect engi-

neering strategy called “valency passivation” in which triva-

lent ions are introduced in GeO2 near the interface with Ge.

It is found that the inclusion of Y is beneficial for

n-MOSFETs. Every O vacancy will introduce two dangling

bonds, while a trivalent ion at a substitutional Ge position

will reduce this number by one. In particular, the authors

have observed an increase of the electron mobility at low

temperatures, resulting from a significant reduction of the

density of interface states. For crystalline a-quartz GeO2,

previous work has only considered Y as a way to control O

vacancies.23

Control of O vacancies will positively impact the stabil-

ity (by the reduction of the volatile GeO) and electrical prop-

erties (by the reduction of the dangling bonds) of GeO2,

paving the way to good MOS devices based on Ge. In the

present study, we use density functional theory to investigate

the impact of the trivalent ions Al, Y, and La in O deficient

a-quartz GeO2, aiming at understanding the advantages and

drawbacks of the different dopants.

II. METHODOLOGY

Our calculations are based on density functional theory

and the generalized gradient approximation of Perdew and

Wang,24 as implemented in the Vienna ab-initio simulation

package.25 An energy cutoff of 400 eV and projector-

augmented waves are employed.26 For testing the conver-

gence of the supercell size, the O vacancy formation energy

is compared for different supercell sizes until the difference

is deemed to be insignificant. This is the case for a supercell

of 72 atoms. A 4 � 4 � 4 k-point mesh is generated accord-

ing to the Monkhorst-Pack scheme.27 This mesh is well con-

verged as the total energy changes by less than 1 meV/atom

as compared to 6 � 6 � 6 and 8 � 8 � 8 k-point meshes.

The experimental structures28 are fully optimized until the

remaining atomic forces are less than 0.01 eV/Å.

The employed supercell of a-quartz GeO2, which crys-

tallizes in a hexagonal structure, is shown in Fig. 1. Ge is

located in the center of an O tetrahedron, where each O atom

is shared by two tetrahedra. In the above supercell, one O

atom is removed to form an O vacancy and one Ge atom is

replaced by a dopant atom. For these configurations, the par-

tial densities of states (DOSs) of atoms surrounding the va-

cancy are investigated.

Defect formation is effectively an exchange between the

host material and an atomic (and/or electronic) reservoir.

The formation energy of the defect is given by29a)E-mail: Udo.Schwingenschlogl@KAUST.edu.sa. Tel.: þ966(0)544700080.
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DHG;qðle; lÞ ¼ ED;q � EH þ n � lþ q � le; (1)

where ED,q is the total energy of the defective cell with

charge q, EH is the total energy of the perfect cell, n is the

number of atoms added (or removed), l¼ 1/2�E(O2) is the

chemical potential, and le is the Fermi energy. The latter is

measured from the top of the valence band.

To investigate the energetics of dopant-vacancy pairs

and to be able to facilitate comparison between the different

dopants, we calculate binding energies. The binding energy

for substitution of an atom D at a Ge site in the presence of

an O vacancy (V) in GeO2 is given by

EbðDVGeN�1O2N�1Þ ¼ EðDVGeN�1O2N�1Þ
� EðDGeN�1O2NÞ � EðVGeNO2N�1Þ
þ EðGeNO2NÞ; (2)

where E(DVGeN-1O2N-1) is the energy of a supercell with 3N
atoms (here: 3N¼ 72) containing one D and one O vacancy.

Moreover, E(DGeN-1O2N) is the energy of a supercell con-

taining one D, E(VGeNO2N-1) is the energy of a supercell

containing one O vacancy, and E(GeNO2N) is the energy of a

supercell of pristine GeO2. With this definition, a negative

binding energy corresponds to a DV pair that is stable with

respect to its constituent point defect components.

III. RESULTS AND DISCUSSION

We find binding energies of �1.63 eV for LaV,

�1.42 eV for YV, and �0.51 eV for AlV pairs. Therefore, all

the DV pairs considered can form. For the LaV pair, the La-

O bond distances (2.16 Å, 2.21 Å, and 2.23 Å) are smaller as

compared to the case of La substitution (2.23 Å, 2.23 Å,

2.24 Å, and 2.24 Å). This is also the case for the YV pair

(Y-O bond distances 2.07 Å, 2.09 Å, and 2.12 Å) and for the

AlV pair (Al-O bond distances 1.69 Å, 1.71 Å, and 1.71 Å) as

compared to Y substitution (2.12 Å, 2.12 Å, 2.15 Å, and

2.15 Å) and Al substitution (1.76 Å, 1.76 Å, 1.77 Å, and

1.77 Å), respectively.

All the partial DOSs investigated in this paper refer to the

charge neutral system. The partial DOS of pristine GeO2 (not

shown) reveals two groups of bands in the energy range from

�5 eV to the valance band maximum, separated by an energy

gap. Both are dominated by O 2p states. There is a significant

hybridization between the Ge 4p and O 2p states, where the

Ge 4p states are more prominent in the lower energy range.

The formation of an O vacancy results in two additional impu-

rity states, which are located at �3.6 eV and �0.1 eV.

Undoped GeO2 without and with O vacancy is insulating with

a band gap of 3.3 eV and 3.2 eV, respectively.

Spin polarized calculations are performed for Al, Y, and

La doped GeO2 without O vacancy, because doping of

FIG. 1. Supercell structure of a-quartz GeO2. Large and small spheres repre-

sent Ge and O, respectively.

FIG. 2. Partial O 2p, Al 3p, and Ge 4p

DOSs averaged over the atoms surround-

ing the O vacancy site in Al doped GeO2

(a) without and (b) with O vacancy.
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trivalent ions may result in local magnetic moments around

the dopant, see the partial DOSs shown in Figs. 2(a)–4(a).

The bottom panels of these figures correspond to AlV, YV,

and LaV pairs. The bands below the occupied impurity state

hardly show any spin splitting. The figures represent the av-

erage of the partial DOSs of the nearest neighbour atoms of

the O vacancy. OGe denotes the O atoms that bond to Ge and

OAl/Y/La those connecting with dopants. The hole doping

causes metallicity as is clearly indicated by the partial DOSs

in Figs. 2(a)–4(a).

In Fig. 2(b), a strongly hybridized Ge/O impurity state

due to one electron freed by the introduction of the O va-

cancy appears just below 0 eV. Another impurity state is

located around 0.9 eV. The integration of the total DOS dem-

onstrates that each impurity state corresponds to exactly one

electron. Spatially, the impurity state is located mainly on

Ge and OGe next to the O vacancy. However, there are also

contributions to the impurity peak in the DOS from Al, OAl,

and atoms further away. In Fig. 2(b), the remarkable OAl

peak forming at the top of the O 2p bands at about �1.5 eV

FIG. 3. Partial O 2p, Y 4d, and Ge 4p

DOSs averaged over the atoms surround-

ing the O vacancy site in Y doped GeO2

(a) without and (b) with O vacancy.23

FIG. 4. Partial O 2p, La 5d, and Ge 4p

DOSs averaged over the atoms surround-

ing the O vacancy site in La doped GeO2

(a) without and (b) with O vacancy.
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represents the O states that do not hybridize with other

states.

For YV and LaV pairs, Figs. 3(b) and 4(b) also exhibit

the occupied and unoccupied impurity states. The energy

gap between them is almost 0.7 eV in both cases. The re-

markable OY 2p and OLa 2p peaks at about �0.8 eV are

again due to non-bonding O 2p orbitals. Doped GeO2 with-

out O vacancy, see Figs. 3(a) and 4(a), shows a group of

localized states around �3.5 eV. Nevertheless, the dopants

let the gap at lower energy vanish and enlarge the one below

the impurity state. If both doping and O vacancies are pres-

ent, these low energy features merge and the small energy

gaps around them vanish. On the other hand, the energy gap

which separates the impurity states from the localized O 2p

states (around �0.8 eV) is significantly enlarged.

Comparing Figs. 3(a) and 4(a) to Fig. 2(a), we find that

Y and La doped GeO2 have more states near the Fermi level

than in the case of Al doping. The reason is that the d orbitals

of Y and La are more localized and directed than the Al p

orbitals so that they overlap less with the O 2p orbitals. This

means that Y-O and La-O bonds are less stable than Al-O

bonds, which is consistent with the observation that the Y-O

and La-O bonds are longer than the Al-O bonds. Thus, an O

vacancy in Y and La doped GeO2 is expected to be more

favourable to form than in Al doped GeO2.

Fig. 5 summarizes the formation energies of O vacan-

cies for a range of charge states, as a function of the Fermi

energy (refer to Eq. (1)). It addresses both undoped and

doped a-quartz GeO2. The þ2 charged O vacancy formation

energies of Y-GeO2 and La-GeO2 are more negative than

that of GeO2, because the trivalent ions favor to lose one

bond with O as compared to Ge. Ionization energies for O

vacancies in undoped and doped GeO2 are given in Table I.

For undoped GeO2 only the þ2 and 0 charge states play a

role, the former at low Fermi energy and the latter at high

Fermi energy, see Table I. The introduction of dopants low-

ers the upper end of the Fermi energy range, where the þ2

charge state is favourable to 1.35 eV for Y, 1.13 eV for La,

and to only 0.23 eV for Al. Even the �1 charge state can

become favourable for very high values of the Fermi energy.

It is observed that the plots for Y-GeO2 and La-GeO2 in Fig.

5 are very similar, while the differences for Al doped GeO2

are more pronounced. In particular, in Al doped GeO2, the

þ2 charge state is only favourable close to zero Fermi

energy and its formation energy is less negative than for Y

and La doped GeO2 for the reasons discussed above. For

small Fermi energy, both undoped and doped a-quartz GeO2

will be O deficient as O vacancies have negative formation

energies. This is consistent with the previous studies, which

have verified that O vacancies are the dominant intrinsic

point defects in GeO2.30–32 We propose that a defect engi-

neering strategy to limit O vacancies can be based on doping

with Al, because the O vacancies are less favourable to form

in Al doped GeO2 than in the other two cases.

Al, therefore, is good to avoid O vacancies. However,

there is a second issue to be considered. LaV and YV pairs

have larger binding energies than AlV. This indicates that a

dopant-vacancy pair is easier to form for La and Y than for Al

doping. For this reason, La and Y are better suitable for

FIG. 5. Formation energies of an O

vacancy as a function of the Fermi

energy for pristine GeO2, Al doped

GeO2, Y doped GeO2,23 and La doped

GeO2.

TABLE I. Ionization energies (in eV) for O vacancies in pristine and doped

GeO2.

Pristine Al Y La

e(þþ/0) 2.47 1.61 2.66 2.47

e(þþ/þ) 3.87 0.23 1.35 1.13

e(þ/�) 4.59 2.31 3.25 3.17
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controlling the diffusion of O vacancies, which achieves the

desorption of volatile GeO in the Ge/GeO2 interface.19,20

Experimentally, Y doping has proven to be a good strategy to

improve the properties of Ge/GeO2 interfaces22 by dramati-

cally reducing the interface states density. La doping is pre-

dicted to have a very similar effect. While Al doping avoids

the formation of O vacancies efficiently, Y and La doping are

advantageous for trapping O vacancies. Therefore, all these

dopants have potential to improve the properties of the device.

IV. CONCLUSIONS

In conclusion, we have used electronic structure calcula-

tions to investigate the association of trivalent dopants in

a-quartz GeO2. The doping of trivalent ions makes a-quartz

GeO2 metallic and results in localized magnetic moments. O

vacancies cause occupied impurity states to appear below

the Fermi level and unoccupied impurity states in the band

gap. Al doped GeO2 exhibits more stable bonds with O than

the other two dopants so that its O vacancy formation ener-

gies are less negative. It is calculated that all three dopants

considered form bound pairs with O vacancies, where bound

pairs with Y and La are more stable. Consequently, it is

expected that the introduction of Y and La will also limit the

mobility of O vacancies and reduce the dangling bonds in a-

quartz GeO2, therefore, improving the quality of the Ge/

GeO2 interface. In addition, the introduction of Al is found

to limit the O vacancy concentration at low Fermi energy.
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