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Ge and III-V semiconductors are potential high performance
channel materials for future CMOS devices. In this work, we have
studied Atomic Layer Deposition (ALD) of high-x dielectric layers
on Ge and GaAs substrates. We focus at the effect of the oxidant
(H20, O3, Oy, O, plasma) during gate stack formation. GeO,,
obtained by Ge oxidation in O, or Oj, is a promising passivation
layer. The germanium oxide thickness can be scaled down below 1
nm, but such thin layers contain Ge in oxidation states lower than
4+, Still, electrical results indicate that small amounts of Ge in
oxidation states lower than 4+ are not detrimental for device
performance. Partial intermixing was observed for high-x
dielectric and GeO, or GaAsOQy, suggesting possible correlations in
the ALD growth mechanisms on Ge and GaAs substrates.

Introduction

Hafnium-based oxide, deposited by Atomic Layer Deposition (ALD), has recently
been implemented as the gate dielectric in 45-nm CMOS devices (1). To further increase
transistor performance, high-x gate dielectrics may be combined with Ge and III-V
channel materials, which have higher intrinsic carrier mobilities as compared to Si. One
of the issues when integrating high-x dielectrics with Ge or III-V channels is obtaining a
low defect density at the Ge or III-V interface. Initial devices fabricated on Ge substrates
with high-k dielectric layers aimed at preventing an interfacial oxide layer between the
Ge channel and the high-k dielectric in order to minimize the equivalent oxide thickness
(EOT) of the gate stack. However, the interface state densities of such devices were much
too high for device applications (2). In subsequent work, passivating interfacial layers
between the Ge channel and the high-x dielectric were developed, for example a thin
(~0.6 nm) epitaxial Si passivation layer (3,4), germanium oxynitride (5), and S-
passivation (6, 7).

Passivation of Ge using germanium oxide has been discarded for some time because
the limited stability of GeO, and its solubility in water complicate device fabrication. Yet,
recent reports show good passivation using germanium oxide both on n- and p-type Ge.
Applying GeO, prepared by electron-cyclotron-resonance plasma irradiation resulted in
an interface trap density (Dj) of ~6 x 10'® cm™eV™" at the midgap, measured by the ac
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conductance method (8). Thermal oxidation and photo-oxidation of Ge were also
investigated (8, 9, 10, 11). Thermally grown GeO, was shown to be an effective
passivation layer in combination with HfO, and Al,Os deposited by ALD (12, 13, 14). In
the oxide, Ge was present in the 4+ oxidation state, and densities of interface states as
low as mid 10" em?eV™" were achieved. Ge/GeO,/CeO, and Ge/GeO,/CeO,/HfO, gate
stacks grown by molecular beam deposition exhibited similar interface state densities
even though the GeOy layer contained Ge in low (2+ and 3+) oxidation states (15). On
InGaAs, promising electrical properties in terms of leakage current and interface state
density were claimed for Al,Os layers deposited by ALD (16, 17). The reduction of
Fermi-level pinning of the gate insulator/channel interface was ascribed to the removal of
arsenic oxides during the ALD process.

ALD is often used to deposit high-x dielectrics on Ge and III-V materials as the
electrical quality of the Ge or III-V interfaces can be controlled at the typically low
deposition temperature (18). In this work, we investigate structures formed by ALD of
Al,O3; and HfO, on Ge and GaAs substrates. We focus on the role of the oxidant (H,O,
O3, O, O, plasma) during gate stack formation. We have characterized the oxide layer
before and after ALD of the high-x dielectric on Ge and GaAs substrates. The oxidation
states, oxide thickness, impurities, and possible intermixing with the high-x dielectric are
investigated. The aim of this work is to understand how to control the attained interfacial
oxide layer during gate stack formation, and finally to identify electrically active defects
limiting the ultimate electrical performance.

Experimental details

Ge(100) or Ge-on-Si substrates were cleaned in HF solution. The subsequent surface
preparation, germanium oxidation, and high-x deposition were performed in a Polygon®™
cluster (19) without air exposure between these process steps. Germanium oxidations in
0, were explored in a Polygon 8200 cluster, equipped with an EPSILON™ reactor for
thermal treatments and a PULSAR® 2000 reactor for ALD. The samples were first
annealed in H, at 650°C for 10 minutes to desorb O or C that can be present after HF
clean (20). Oxidations were subsequently performed in the same reactor in O, at 700 Torr
at temperatures between 300 and 450°C. HfO, and Al,O; layers were deposited on the
GeO; layers at 300°C in the ALD reactor from HfCls or AI(CHj3)s (trimethylaluminium or
TMA) with H,O. Germanium oxidations in Oz were performed in a PULSAR® 3000
reactor, with subsequent H,O or O3 based ALD of HfO, or Al,Oj; in the same reactor. For
this end, 15% O3 was generated in an O,/N; mixture and 0.5 slm of this flow was further
diluted with 2 slm N in the ALD reactor. The pressure in the ALD reactor was ~1 Torr.

GaAs substrates were cleaned before ALD in HCI or (NH,4),S solutions. Immediately
after the clean, the wafers were blown dry with a N, gun. Depositions were also
performed on the native oxide on GaAs. Thermal ALD of HfO, and AL,O; were
performed using HfCl; or TMA with H,O in an ASM PULSAR® 2000 reactor at 300°C
(19). Plasma Enhanced ALD (PEALD) of ALO; using TMA and O, plasma was
performed in an Oxford Instruments FlexAl® reactor (21) at 300°C.

Angle Resolved X-ray Photoelectron Spectroscopy (AR-XPS) was carried out in a
Theta300 system (Thermo Instruments) in parallel angle resolved mode using
monochromatized Al K, radiation. Oxide thicknesses were also verified with
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spectroscopic ellipsometry (SE). The areal density of Hf (Hf/nm?) on GeO, was
measured by Rutherford Backscattering (RBS) in a RBS400 endstation with a 1 MeV
He" beam. The areal density of Al (Al/nm®) on GaAs was measured by Total X-ray
Reflection Fluorescence (TXRF) in a TEI-Atomika 8300W system. Time of Flight
Secondary Ion Mass Spectroscopy (TOFSIMS) was used for depth profiling, using a dual
ion beam set up with a 500eV Xe+ ion beam.

Electrical measurements were performed on MOS capacitors with Pt gates. 50 nm
thick Pt dots of different sizes were deposited by thermal evaporation using a shadow
mask. The electrical characteristics were measured with a Keithley K4200 semiconductor
parameter analyzer and a HP4284 LCR meter. The EOT was estimated by fitting the
capacitance-voltage (CV) curves using the Hauser routine, including quantum mechanical
corrections (22).

Oxidation of Ge in O; and O;

Ge substrates were oxidized in either O, or O;. The oxidation was carried out at a
relatively low temperature range (225 — 450°C) in order to avoid decomposition of GeO,
and desorption of GeO. For the O, case, the pressure was set at 700 Torr of O, in order to
achieve a sufficiently high oxidation rate. The oxidation of Ge by O3 was preformed in
the ALD reactor at a nominal Oj; partial pressure of 0.04 Torr (not taking into account
decomposition by transport from the O; generator to the reactor and thermal
decomposition, as described below).

The oxidation rate in O3 and O, are compared in Figure 1. For O,, the oxidation rate
increases with temperature in the temperature range 300-450°C and follows the Deal-
Grove model, as described previously (23). When comparing oxidation in O3 and O, at
300°C, we observe that O; oxidation proceeds slightly faster than O, oxidation even
though the partial pressure of O3 was much lower. O3 is more reactive than O, because
O; dissociates at the Ge surface to produce atomic oxygen thus enhancing oxidation (24):

O; (surface) > O, + O

Still, the oxidation rate in Oj is relatively slow in the studied temperature range (225 -
370°C), likely because of the low pressure of Os.

O3 oxidation shows a maximum rate at ~300°C: the oxidation rate increases when
increasing the temperature from 225 to 300°C, and then again decreases slightly when
further increasing the temperature to 370°C (Figure 1). The oxidation rate of Ge by
atomic oxygen increases with temperature. The reduced oxidation rate at 370°C cannot
be associated with GeO desorption as GeO is known to desorb only at temperatures
higher than 420°C (25). Moreover, the decrease in oxidation rate was also observed for
oxidation of Si in Oj in the same conditions, and SiO desorption occurs at an even higher
temperature range. Another possible explanation for the lower oxidation rate at 370°C is
a lower concentration of Os. Indeed, the lifetime of O3 decreases with temperature (24).
Before Os arrives at the Ge or Si surface, O3 can thermally decompose by collisions with
other gas molecules (M):

O3+ M0, +O0O+M
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03 +0— 02 + 02
Also, O3 can be lost at the walls of the reactor

wall
2 03 — 3 02

Which destruction reactions of O3 are predominant will to a large extent depend on the
geometry of the reactor. As the oxidations were performed in an ALD reactor where the
distance between the wafer and the top wall is only a few mm, we expect a large
contribution of wall destruction of O3 especially at higher temperature. Indeed, the SiO,
layer obtained at 370°C showed a decrease in thickness in the direction of the gas flow.
The oxide layers grown at 225 and 300°C demonstrated good thickness uniformity (1 —
4% standard deviation) both for Si and Ge.
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Figure 1. Germanium oxide thickness as a function of oxidation time for oxidation of Ge
substrates in O3 and O, at several temperatures, determined by ellipsometry. Trend lines
are indicated as a guide to the eye.

The oxidation states of Ge in the germanium oxide layers grown in O, or O; were
investigated by means of XPS. Note that XPS measurements were performed ex-situ, but
air exposure between germanium oxidation and loading the samples in the XPS tool was
limited to less than ~15 minutes. In order to determine the oxidation states of Ge in the
oxide, the Ge3d spectrum was fitted using binding energy shifts of 0.8, 1.8, 2.6, and 3.4
eV for Ge3d in the 1+, 2+, 3+, and 4+ oxidation states (26). As described in reference
(15), precise determination of the fraction of Ge in different oxidation states is
complicated by the uncertainty in the XPS fitting and interpretation. The XPS fits should
therefore be used as a qualitative guide to the key oxidation states, not for quantitative
estimation of the ratios of Ge oxidation states. The fraction of Ge*" (at% Ge*"/ (at% Ge'"
+ at% Ge*" + at% Ge®* + at% Ge*") is plotted as a function of the GeOy thickness in
Figure 2, while a summary of all oxidation states is shown in TABLE 1.

The fraction of Ge*" in the germanium oxide layers grown in both O3 and O, depends
clearly on the thickness of the germanium oxide layer, and less on the oxidation
conditions (temperature, O,, Os, etc.) (Figure 2). For all germanium oxide layers thicker
than ~1 nm, obtained either in O, or Os, Ge*' is the predominant oxidation state. The
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highest fraction of Ge*" was observed for the thickest germanium oxide layers grown in
0, at 450°C. The 1 nm germanium oxide grown at 300°C in Oj; also contained Ge mainly
in the form of Ge**, only a small fraction of Ge*" was present.

100% =g
80% - > & g
2 ° o
2 4w
Q 60% A =02 lowp 500°C
© ° X A % O2 low p 400°C
o . B 02 700 Torr 450°C
5 40% - ® 02 700 Torr 400°C
© X= & 02 700 Torr 350°C
L 500 | X 4 02 700 Torr 300°C
° 0 03 300°C
& 03225°C
0% : w
0 1 2 3

Germanium oxide thickness (nm)

Figure 2. Fraction of Ge** (at% Ge*/(at% Ge'" + at% Ge*" + at% Ge’ + at% Ge*") as a
function of the germanium oxide thickness (XPS) for different oxidation conditions (see
TABLE 1).

TABLE 1. Summary of the Ge oxidation states in GeOy layers obtained by thermal
oxidation in O, or O3, as determined by XPS.

Oxidation conditions Ge" Ge* Ge™' Ge* GeO, thickness
(at%) (at%) (at%) (at%) (nm)
0, 700 Torr 300°C 120 min 22% 0% 20% 57% 0.88
0, 700 Torr 300°C 120 min 15% 1% 7% T7% 0.71
0, 700 Torr 350°C 60 min 7% 7% 0% 86% 1.10
0O, 700 Torr 350°C 120 min 12% 3% 15% 70% 1.35
O, 700 Torr 400°C 30 min 12% 3% 16% 69% 1.41
0, 700 Torr 400°C 60 min 10% 0% 12% 77% 1.77
O, 700 Torr 400°C 60 min 5% 3% 3% 90% 1.30
0O, 700 Torr 400°C 120 min 7% 0% 11% 82% 2.33
O, 700 Torr 450°C 5 min 3% 6% 0% 91% 1.30
0, 700 Torr 450°C 18 min 0% 0% 0% 100% 2.50
O, 700 Torr 450°C 5 min 0% 8% 6% 86% 1.33
0, 700 Torr 450°C 30 min 0% 0% 4% 96% 2.72
0O, 700 Torr 450°C 60 min 0% 0% 8% 92% 4.20
0, 0.06 Torr 400°C 5 min 0% 25% 43% 32% 0.37
0O, 12 Torr 400°C 5 min 8% 6% 32% 55% 0.70
0, 0.06 Torr 500°C 5 min 0% 20% 48% 32% 0.50
0O, 12 Torr 500°C 5 min 0% 12% 21% 67% 0.55
05 225°C 30 min 8% 12% 6% 73% 0.66
03 300°C 30 min 0% 13% 0% 87% 1.03

Layers thinner than ~1 nm contain a higher fraction of lower oxidation states. Which
oxidation states are present depends on the oxidation conditions. Thin layers grown in
700 Torr O, at 300°C contain, next to Ge4+, about 10-20 % of Ge in the 1+ and 3+
oxidation states, while almost no Ge*" is observed. On the other hand, thin germanium
oxide layers grown at lower O, pressure (0.06 — 12 Torr) and higher temperature (400-
500°C) contain Ge*™ and Ge’" and almost no Ge'". The presence of Ge" in the thin
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oxides grown at higher temperature is surprising considering that desorption of GeO can
occur at temperatures higher than 420°C (25). On the other hand, no Ge*” is found in the
samples grown at lower temperature. This may be related to the much longer oxidation
time due to the low oxidation rate of O,. The 0.7 nm germanium oxide layer grown in Os
at 225°C contains predominantly Ge*", while small fractions of Ge'", Ge*" as well as
Ge’" are observed.

ALD of HfO; and Al,O3; on GeO, and Ge substrates

O3 and H,O based ALD of both HfO, and Al,O3 was performed on thermally grown
GeO; layers, and on HF cleaned Ge substrates for comparison. Air exposure of GeO, was
avoided by performing the oxidation and ALD in clustered reactors. The ALD was
performed at relatively low temperature (300°C or lower) to avoid GeO desorption. Still,
the ALD has an impact on the thickness of the GeO, layer, the abruptness of the
Ge/GeOy/high-k interfaces, and the predominant oxidation states of Ge.

Effect of ALD precursors on the germanium oxide interfacial layer thickness

In order to investigate the effect of the ALD precursors and process conditions on the
thickness of the germanium oxide interfacial layer, we considered ALD on 1 nm GeO,
layers (obtained by 20 minutes O3 oxidation at 300°C) and on HF cleaned Ge substrates
(0.2 — 0.3 nm GeOy remains present on HF cleaned Ge substrates). The GeO, thickness
was measured by means of XPS, and the results are summarized in Figure 3.

No further oxidation of Ge occurs during H,O based ALD, both for HfCl4/H,O and
TMA/H,O ALD, as reported previously (27). On thermally grown GeO,, the GeO;
thickness remains ~ 1 nm after the H,O based ALD. Also the thin GeOy layer present
after HF clean does not grow further during H,O based ALD.

On the other hand, the Ge substrate oxidizes during O3 based ALD. This is most
noticeable for deposition on HF cleaned Ge. A 0.7 nm germanium oxide layer is formed
when using the TMA/Os; ALD. An even thicker germanium oxide layer, 1.7 nm, is
formed during HfCl4/O3 ALD. First, the differences in germanium oxide thickness for the
two processes can be related to differences in Os pulse times. In the HfCl4/O; ALD, O3
pulse times of at least 10 seconds are required to achieve a uniform HfO, layer (Figure
4a). On the other hand, O3 pulse times of about 2 orders of magnitude shorter (< 500 ms)
are used for TMA/O; process (Figure 4b), resulting in substantially less pronounced
oxidation of the Ge substrate during the ALD. Second, the GeO, thickness after HfCl4/O;
ALD is even larger than for oxidation of Ge in O3 at the same temperature, indicating a
catalytic effect of Hf species at the Ge surface on the oxidation.

On 1 nm GeO,, we observe a similar difference between the TMA/O3 and HfCl4/O;
ALD. The GeO; thickness is not affected by the TMA/Oj3 process, while for the HfCl4/O3
ALD the GeO, thickness increases to 1.7 nm, the same value as for deposition on HF
cleaned Ge. Thus, the GeO, thickness is independent on the starting surface for HfCl4s/O;
ALD due to the excessive re-growth of GeO, during ALD. The re-growth during
HfCl4/O3 ALD can be decreased by decreasing the ALD temperature from 300 to 225°C,
where only 1.2 nm GeO,; is observed. Decreasing the deposition temperature for TMA/O3
from 300 to 225°C does not result in a significant thickness decrease.
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Figure 3. GeO; thickness determined by XPS after ALD of 2 nm HfO, or Al,O3 (a) on 1
nm GeO, (20 minutes O3 at 300°C) (b) on HF cleaned Ge.
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Figure 4. Effect of Oz pulse time on thickness and uniformity (49 points on 300 mm Si
wafer); (a) 100 cycles HfCly/O3; ALD at 300°C; (b) 100 cycles TMA/O3; ALD at 300°C.

Effect of ALD precursors on the abruptness of Ge/GeO,/high-K interfaces

The quality of the interfaces between Ge/GeOy/high-x and the extent of intermixing
of the GeO, and high-x layer also depend on the ALD process parameters, as
demonstrated by TOFSIMS depth profiling. We report Ge' profiles for different ALD
layers in Figure 5, similar trends were observed for the GeO" profiles.

For HfO, and Al,O; ALD on 1 nm GeO,, we observe partial intermixing of GeO,
with the high-x dielectric, both for GeO, grown in O, (12) and in O3 (Figure 5a, Figure
5b). Still, the amount of GeOy in the high-« layers is small (note the exponential scale in
the TOFSIMS Ge" profiles). For example, for AL,Os, the intensity of the Ge" signal is
diminished by one order of magnitude at a distance of 1 nm from the GeO, interface,
indicating about 3 at% of Ge. This may explain why this small degree of intermixing was
not observed previously by means of AR-XPS (12), while TOFSIMS is sensitive enough
to detect it. Still, such small concentrations of Ge in the high-x layer can affect the
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electrical properties. Note that TOFSIMS cannot determine the oxidation state of Ge in
the high-x layer, but most likely it is present in an oxidized state and not as Ge', as
TOFSIMS demonstrated previously that HfCl4/H,O ALD on HF cleaned Ge substrates
results in an abrupt Ge/HfO, transition (27). First principles calculations demonstrated
that the formation of Ge—O bonds or Hf~O—Ge bonds at or near the interface does not
introduce interface states to the Ge energy band-gap (28, 29). On the other hand, it was
suggested that such bonds could be responsible for hysteresis often observed in CV
curves (23).

For Al,O3; ALD, the amount of intermixing is independent of the oxidant precursor
(H20 or O3, Figure 5a). In contrast, for HfO, ALD the extent of intermixing depends on
the oxidant: the layers intermix more with Oz than H,O based ALD (Figure 5b). For the
O; based process, the intermixing decreases slightly when decreasing the ALD
temperature from 300 to 225°C. The presence of GeOy in the high-x layer indicates that
reactions other than the conventional ligand exchange reactions must contribute during
ALD on GeO,, as suggested previously for HfCl,/H,O ALD on 0.3 nm GeOy by
considering the first reaction cycle (27).

10000 1000
3 3 s %
o uJ SRS
> 1000 - ;; 100 1 «’/
£ 100 - = 10 i &eO, - HfCl,/H,O 300°C
+ ) b I waf\\GeO; - HfCl,/O; 300°C
S Gegez - ngs © | €0, - HfCI,/O; 225°C
GeO, - TMA/H,0 Ge - HfCI4/O; 300°C
T T T 1 = T T
10 0 2 4 6 0 2 4 6
Depth (nm) Depth (nm)
(b) (a)

Figure 5. TOFSIMS depth profiles of ~4 nm high-x layers on Ge substrates: (a)
TMA/H,0 and TMA/O; on GeO; (20 min O3 at 300°C) and on HF cleaned Ge; (b) HfCls/
H,0 and HfCl4/O3 ALD on GeO; (20 min O3 at 300°C) and on HF cleaned Ge.

Effect of ALD precursors on the oxidation states of Ge

Not only the thickness but also the oxidation states of Ge in the interfacial germanium
oxide layer can be affected by ALD of the high-k dielectric. We have analyzed this effect
for Al,03 ALD on GeO, by investigating the XPS Ge3d spectra. Unfortunately, a similar
analysis cannot be performed for HfO, ALD as the Ge3d peak is located at a binding
energy very close to the O2s peak from HfO, (32.5 eV). The quantitative determination
of the oxidation states of Ge is complicated by the presence of the high-x layer (partial
intermixing as described above and potential charge effects). Therefore, instead of
deconvolution of the Ge3d signal, we compare the apparent binding energy shift of the
germanium oxide 3d peak (Figure 6). The smaller the binding energy shift, the higher the
fraction of low oxidation states in the oxide; the larger the binding energy shift, the
higher the fraction of high oxidation states in the oxide.
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For Al,0O3 ALD on GeO; layers with thicknesses larger than 1 nm, the main oxidation
state of Ge remains Ge'", indicated by a binding energy shift of the oxidized Ge3d peak
of ~3 eV (Figure 6). Thus, contributions of Ge in oxidation states lower than 4+ are small.
The binding energy shift decreases when decreasing the thickness of germanium oxide
below 1 nm, suggesting the occurrence of Ge in oxidation states of 4+ and lower. This
observation is similar to that made for the GeO, layers without high-x dielectrics on top
(Figure 2). Thus, when scaling down the thickness of germanium oxide for EOT
reduction, lower oxidation states may occur in germanium oxide.

35 1 4

<  Ge

3 331 ) -

8 3.1 1 [

§ 29 L

Q 2.7 1

% —Ge*

o 25 AA

m 23 0 Ge02 (02)

® 2.1 - A GeO2 (03)

8 19 1 ® GeO2 (02) TMA/H20
Y ge? A GeO2 (03) TMA/O3
17 e : :

0 1 2 3

Germanium oxide thickness (nm)

Figure 6. XPS binding energy shift of the Ge3d oxide peak (relative to the substrate peak)
as a function of the germanium oxide thickness for GeO, layers and for GeO, covered
with 2 nm of Al,Os. Trend lines are indicates as a guide to the eye. Binding energy shifts
of for Ge3d in the 2+, 3+, and 4+ oxidation states (26) are indicated as a guides to
oxidation states that can be present.

Electrical characteristics of devices with GeQO; interfacial layers

Capacitance-Voltage characteristics

Capacitance-Voltage characteristics for Pt gated capacitors with 4-nm thick high-x
dielectrics (H2O or O3 based ALD) are compared in Figure 7. The CV characteristics of
the capacitors shown here behave nicely. Frequency dispersion in accumulation at higher
frequencies is observed due to series resistance as undoped Ge-on-Si wafers were used.

The measured EOT of the capacitors is summarized in Table 2. The determined EOT
values are in excellent agreement with EOT estimations based on the thickness of the
high-k (4 nm) and GeO; (XPS), assuming a k-value of 6 for GeO, (30), 20 for HfO, (31)
and 9 for Al,O3 (32).

The lowest EOT, 1.5 nm, was obtained for 4 nm HfCl4/H,O ALD deposited on 1 nm
GeO,. As shown above, the HfCl4/H,O ALD has the advantage of no additional oxidation
of Ge during ALD. A higher EOT, 2.0 nm, is obtained for HfCl4/Os; ALD, due to the
presence of a thicker GeO, layer (1.7 nm). XPS indicated that decreasing the ALD
temperature for the HfCl4/O5 process results in a thinner GeO, layer. However, devices
with HfCls/Os3 deposited at 225°C demonstrated a high leakage current, making these
films unsuitable for gate dielectric applications. TOFSIMS indicated that the Cl-content
was more than 1 order of magnitude higher for O; or H>O based ALD at 300°C.
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Figure 7. Capacitance-Voltage characteristics as a function of frequency (a) 4 nm HfO,
(HfCl4/H;0) on 1 nm GeO; (20 min O3 at 300°C); (b) 4 nm HfO, (HfCls#/O3) on 1 nm
GeO; (20 min O3 at 300°C); (c) 4 nm Al,O; (TMA/Os3) on HF cleaned Ge; (d) 4 nm
Al,O3 (TMA/O3) on 1 nm GeO; (20 min O3 at 300°C).

TABLE 2. Summary of EOT for capacitors with HfO, and Al,O; dielectrics.

Starting surface ALD Temperature Estimated EOT Measured EOT
O (nm) (nm)

GeO, 20 min O3 HfCl1,/0O; 300 1.9 2.0

GeO, 20 min O3 HfCl,/H,0 300 1.4 1.5

HF cleaned Ge TMA/O; 300 2.2 2.4

GeO, 20 sec O; TMA/O; 300 2.3 2.4

GeO, 20 min O3 TMA/O; 300 2.3 2.6

The TMA/Os process demonstrates the feasibility of obtaining a thin germanium
oxide interfacial layer while keeping good CV characteristics. The EOT slightly
decreases when the Ge oxidation time before ALD is reduced, due to a thinner
germanium oxide layer (XPS). The CV characteristics are well behaved even for
TMA/O3; ALD directly on HF cleaned Ge (and starting the ALD with a TMA pulse)
(Figure 7c). In this case, the interfacial oxide layer is only 0.7 nm, with Ge in oxidation
states 4+ and lower. The CV characteristics are much better than those observed
previously for H,O based ALD on HF cleaned Ge, where large frequency dispersion and
even flat CV characteristics were reported (2). As compared to the capacitors with ALD
on 1 nm GeO, (Figure 7a, b, d), the CV curves are slightly more stretched out. Still, it is
possible to achieve reasonable passivation with a thin germanium oxide interfacial layer
where Ge oxidation states lower that 4+ are present.
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Interface state densities of 1 —3 10'2cm™eV™" were obtained for all devices shown in
Figure 7 even without post deposition treatments, using the low-frequency or quasistatic
method (33). Further electrical characterization is necessary in order to investigate the
relation between interface state density and the Ge oxidation states, germanium oxide
thickness or intermixing. Whether or not scaling down the thickness of GeO, underneath
HfO, is feasible will be the subject of further investigation. Theoretical calculations
indicate that the formation of a Ge-Hf bonds at the interface, likely present if Hf is
located in the sub-oxide interfacial layer (GeOx with x < 2), results in the formation of a
defect level in the upper part of the Ge energy band-gap, degrading the electrical
properties of metal-oxide-semiconductor devices (28).

HfCl4/H,0O ALD on 1 nm GeO; (Ge substrates) results in a similar leakage current as
on 1 nm SiO; (Si substrates), as shown in Figure 8 that compares the leakage current —
EOT behavior of the Ge devices with that of similar devices on Si substrates. The
HfCl4/O3 ALD on Ge gives a higher EOT due to the thicker GeO; layer. Still, the leakage
current for HfCl4/O; and HfCl4/H,O ALD is similar. Under gate injection, transport
through the high-x layer limits the current, and is expected to depend mainly on the
physical thickness of the high-x layer. The Al,O; stacks also give a comparable leakage
current at an even higher EOT due to the lower k-value of Al,Os.

1.E-02
A Ge-GeO2-TMA/O3

> 1E03{ . |mGe-GeO2-HCI4/03
- 0. | & Ge-GeO2-HfCK4/H20
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C o~ .
¢ <C1E-05 L
= — \>
® Z1E-06 - o 2
g 1E07 ¢ = A
m .
@ 1E-08 - p

1.E-09 -2 ‘

1.0 15 20 25 3.0
EOT (nm)

Figure 8. Leakage current as a function of EOT for Pt gated capacitors with 4 nm high-x
dielectrics on Ge substrates, and 2-5 nm of HfO, ALD on Si substrates (HfCl4/H,O on 1
nm Si0;).

The hysteresis in the CV characteristics is frequency dependent and varies from 70
mV to 250 mV for HfO, layers with and without pre-oxidation, as well as the Al,O3 layer
without pre-oxidation. For the Al,Os layer with Os pre-oxidation, the observed hysteresis
varies less, from 70 mV to 100 mV. The hysteresis values are significantly lower than
those reported previously for transistors with Ge/GeO,/HfO,/TiN gate stacks, where
process steps at higher temperatures were included (12).

Effect of ALD precursors on the band gap of GeO,

Internal photoemission indicates that the oxidant used in the HfO, ALD affects the
band gap of the GeO, layer. For HfCls/O3 on GeO,, the band gap measured for GeO, is
close to the value reported for stoichiometric GeO; (5.5 eV). This was also demonstrated
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previously for HfCly/O; at 375°C on Ge substrates (34) and was confirmed by our
measurements for HfCl4/O; at 300°C on GeO,. On the other hand, the band gap of GeO;
layer is reduced to 4.3 eV when HfO; is deposited on GeO, by means of H,O based ALD
(35), even for GeO, layers with a thickness of more than 2 nm. It was suggested that
hydroxyl groups are incorporated in the GeO; layer during H,O based ALD, and that the
incorporation of OH in GeO, lowers the value of the band gap. Thus, whereas the H,O
based process has the advantage of no additional Ge oxidation during ALD, the O; based
process has the advantage of preserving the value of the GeO, band gap.

ALD on GaAs substrates

The oxidant precursor also plays an important role in the formation of the interfacial
layer on GaAs substrates. For the thermal process, XPS indicates no interfacial layer on
GaAs for both HfO, and Al,O3 ALD (Figure 9 for Al,O;3 ALD and reference 36 for HfO,
ALD). The As3d oxide peak at binding energy of 43 — 46 eV decreases as a function of
the AL,Oj; thickness, and for Al,Os layers of ~2 nm (60-70 Al/nmz), no As,Os or As,O3
were detected. So, the AsO4-GaOy layers that were present before ALD are removed
during H,O based ALD at 300°C, at least for the HfCls/H,O and TMA/H,O ALD.
Thinning of the initial oxide has also been reported previously for Al,Os; ALD
(TMA/H;0 at 300°C) on GaAs and InGaAs (16, 17). On the other hand, the interfacial
oxide thickness increased during PEALD using TMA and O, plasma (Figure 9). The XPS
As3d and Ga3d spectra indicate that As,O3, As;Os, as well as Ga,O3 are present.

As and Ga partly intermix with the Al,O; layers (Figure 10), similar as for ALD on
GeO; substrates. Both the H,O and O, plasma based Al,O;3 ALD show a similar extent of
intermixing. On the other hand, the HfCl4/H,O ALD of HfO, on GaAs shows more
abrupt interfaces, again in correspondence with ALD on GeO; (see above). These trends
are observed for deposition on both native oxide and HCI cleaned GaAs. Although the
reaction mechanisms accounting for incorporation of GeO,, GaOy and/or AsOy are
unclear, these results suggest that there are correlations in the reaction mechanisms on Ge
and GaAs substrates.

2.0
— * 0O PEALD, HCI
€ 16 1 0‘ O PEALD, NH42S
S P A * & ALD, HCI
a 0| AALD, noclean
[}] 1.2 [@)
£
O A OO
= 0.8 o) O
£ ; 7
S 041 A
<

0.0 w : A0

0 25 50 75 100

Al atoms/nm?

Figure 9. XPS AsOx thickness as a function of Al-content for thermal and PEALD Al,O3
on GaAs with different surface preparations.
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Figure 10. TOFSIMS depth profiles for 10 nm HfO, and AL,O; layers on GaAs without
and with HCI clean. (a) As" intensity; (b) Ga' intensity.

Preliminary device measurements on GaAs/high-k/Pt capacitors indicate that the
oxide interfacial layer has an impact on the device characteristics: for the thermal ALD
process, less frequency dispersion, less hysteresis and higher capacitance are observed,
probably linked to the lower content of As;Os, As;Os and Ga,Os (37). Nevertheless, all
interfaces (using both ALD and PEALD) are still Fermi level pinned, as discussed in (38)
for Al,O3 deposited by thermal ALD, and in (37) for both thermal and plasma enhanced
ALD. Together with the investigation of the ALD precursors, the effect of surface
preparation before the ALD and post-deposition treatments should be further investigated.

Conclusions

The ALD precursors play an important role in the characteristics of both Ge and I1I-V
MOS devices. Passivation of interface defects using thermally grown GeO, is a
promising approach. We demonstrated that the thickness, oxidation states of Ge, and the
amount of intermixing of germanium oxide with the high-x dielectric depend on the ALD
precursors and process conditions.

H,0 based ALD has the advantage of no additional Ge oxidation during ALD but
internal photoemission indicates a low band gap of germanium oxide (4.3 eV),
supposedly by hydroxyl incorporation during H,O based ALD. On the other hand,
HfCly/O; ALD at 300°C results in a rather thick (1.7 nm) GeO; interfacial layer.
Oxidation of Ge can be minimized in ALD processes with shorter O3 pulse times, for
example TMA/O3, and by reducing the ALD temperature. As such, the germanium oxide
thickness was scaled down below 1 nm. However, such thin germanium oxide layers
contain Ge in oxidation states lower than 4+. Still, electrical results indicate that small
amounts of Ge in oxidation states lower than 4+ are not detrimental for device
performance.

Partial intermixing was observed for high-x ALD on both GeO, and GaAsOx,
suggesting possible correlations in the ALD growth mechanisms on Ge and GaAs
substrates. Obtaining good device characteristics with ALD high-x dielectrics on GaAs
substrates remains nevertheless challenging. Together with the investigation of the
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influence of the applied ALD precursors, the effect of surface preparation before the
ALD and post-deposition treatments should be further investigated.
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