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Monitoring oxidation steps is an important factor during the fabrication of semiconductor devices,

because transistor performance can be greatly affected by defects in the passivation layer. As an

example, we discuss the formation of a gate stack in metal oxide semiconductor (MOS) devices using

Ge as an alternative channel material. Building an MOS gate stack on Ge requires passivation of the

interface between the dielectric (typically a high-k material such as Al2O3 or HfO2, grown by means of

atomic layer deposition (ALD)) and the Ge channel. Such passivation can be obtained from a very thin

Si layer, epitaxially grown on Ge. The Si surface receives an oxidizing clean (O3 or wet chemical

clean) before the ALD step. In this work, second-harmonic generation (SHG) data are presented for

silicon layers with varying thickness, grown with either trisilane (Si3H8) or silane (SiH4) and with

various cleaning steps. The trend in second-harmonic response upon azimuthal rotation of the samples

was comparable for both silane and trisilane as a Si precursor. Our results show that upon oxidation, the

SHG intensity reduces, most likely due to a reduction of the amount of crystalline Si, which is

converted to SiO2. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3695989]

I. INTRODUCTION

Transistor performance relies heavily on the condition of

the interfaces in the gate stack close to the channel. Therefore

it is of utmost importance to understand how the different

steps of the manufacturing process influence the electrical pas-

sivation of these interfaces.

Especially, for alternative channel materials such as ger-

manium (Ge), this has been shown to be a serious issue.1 As

a potential solution, the use of a thin Si cap layer on top of

the Ge is being considered.2

In the past few years, research in microelectronics has

been driven by scaling down the dimensions of the transis-

tors in integrated circuits, often in agreement with Moore’s

law.3–5 This has brought significant challenges for both the

manufacturing process and the characterization techniques.6

As opposed to Si channel devices, where Si forms a natural

interface with SiO2 as a dielectric or interfacial layer, the use

of Ge implies additional process steps to grow the channel.

Moreover, alternative methods of passivation would need to

be employed due to the limitations of GeO2. Therefore, the

use of a thin Si cap layer on top of the Ge is investigated so

that the standard passivation schemes known for Si can be

considered. However, one of the problems associated with

integrating a silicon cap is the unwanted induced segregation

of underlying germanium into the silicon cap. This segrega-

tion reduces the passivation capacity of the silicon cap.

Often, an additional wet cleaning step is needed to reduce

the effect of segregation. Clearly, the impact of the Si cap

layer thickness and the presence of the additional interfaces

between, e.g., Ge and Si, needs to be assessed.7–9 Although

there are many known techniques to analyze surfaces and to

measure layer thickness2 (e.g., spectroscopic ellipsometry

(SE), x-ray photoelectron spectroscopy, total x-ray fluores-

cence, Rutherford backscattering spectroscopy, SE combined

with reflectometry), they all have associate limitations with

respect to sensitivity, depth resolution, or penetration depth,

considering a gate stack consisting of Ge=Si=SiO2 on Si.

Furthermore, the latest research in semiconductor industry is

focusing on studying specific layers or interfaces embedded

in the transistor rather than surface characterization.

A technique such as second-harmonic generation (SHG)

is highly suited to investigate buried interfaces.10–12 SHG is

an optical technique with interface sensitivity down to the

atomic level.13 Additionally, the technique has been inten-

sively used in the past to characterize silicon.14,15 For

instance, the optimization with respect to defects at the

Si=SiO2 interface of silicon-on-insulator (SOI) wafers has

been investigated using electric field induced second-

harmonic (EFISH) generation.16 Attempts to fully character-

ize the thickness dependency of SOI wafers have also been

made. This research was performed on miscut wafer sub-

strates.17 The oxidation process itself has been investigated

as well by SHG. Heinz et al.18 showed that SHG intensity

changes as a function of oxidation time of the top layer of a

Si(111) substrate.

Within the electric dipole approximation, SHG is inher-

ently sensitive to non-centrosymmetry, e.g., at interfaces and

surfaces. Due to its extreme sensitivity, second-harmonic

generation is an ideal candidate for interface probing, allow-

ing the characterization of the passivation of the channel

beneath a dielectric, without destroying the sample. Hence,
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the interface can be probed as such or can be characterized

upon oxidation.

This paper presents SHG results of silicon cap passivated

germanium upon azimuthal rotation of the samples for differ-

ent thicknesses of silicon cap and for different oxidation steps.

Due to the sensitivity of the SHG measurements, the oxidation

steps and Si growth are identified and the standard deviation

is compared with the error on SE measurements.

II. SAMPLE PREPARATION

The samples were treated differently to obtain a differ-

ent thickness of the silicon caps and to vary the oxidation

conditions. The additional oxidation step to the standard

cleaning process is a wet cleaning step prior to an atomic

layer deposition (ALD) step, enabling a smoother deposition

of dielectric material. The presence of Ge in the Si cap, due

to segregation during the Si deposition, can cause the silicon

cap to oxidize faster, resulting in a larger oxidation depth.

More specifically, in the initial part of the sample fabri-

cation, Ge was deposited on a (001) cut silicon wafer. There-

after boron was implanted with a concentration of 1016 cm�3

at the surface to obtain a p-type (001) Ge semiconductor.

Because Ge is a good candidate for use as p-MOS material,

the research on germanium is often performed on p-type Ge.

An annealing step at 600 �C concluded the preparation of the

germanium wafer.

Prior to the Si cap deposition, the surface of the wafer was

prepared with a 1 min treatment with a NH4OH, H2O2 and

H2O in a 1:1:5000-mixture, followed by a 5 min de-ionized

water rinse. Subsequently, the wafers received a H2 bake at

650 �C. Silane (SiH4) or trisilane (Si3H8) were used as silicon

precursors at deposition temperatures of 500 �C and 350 �C,

respectively. The thickness of the Si cap layer, ranging from

2 monolayers (ML) to 6 ML in steps of�1 ML, was controlled

by varying the deposition time (Fig. 1(a)). The thickness of the

Si layer was measured with SE on a KLA Tencor F5 spectro-

scopic ellipsometer. Thicknesses were measured immediately

after unloading the samples from the reactor, i.e., without

extensive air exposure. The silicon thickness extracted from

spectroscopic ellipsometry in nm is transformed into a number

of monolayers, assuming 1 ML � 0.13 nm.

For all samples, part of the Si cap was oxidized in ozone

for 60 s, forming a native oxide on top. In addition, two sam-

ples of 5.4 ML (grown from Si3H8) and two samples of

4.2 ML thick (grown from SiH4), were further oxidized in a

1 ppm ozone-water solution for 60 s followed by a water rinse

of 5 min and a cleaning step. This step includes a 120 s 0.5%

HF-dip and a 5 min water rinse. After an HF-dip, all oxide is

removed from the surface. One sample of the 5.4 and 4.2 ML

samples for Si3H8 and SiH4, respectively, is oxidized using

ambient oxygen, while the other is oxidized using ozone. The

second oxidation step is relevant for reducing the Ge segrega-

tion in the silicon layer prior to the ALD process.2 All samples

underwent a Marangoni drying procedure.19

Finally, an 8 nm HfO2 layer is deposited on top of all sam-

ples by atomic layer deposition to prevent further oxidation of

the wafer. This HfO2 is formed using HfCl4 as Hf-precursor

and water as an oxidizing agent in the ALD process. An over-

view of the samples with different silicon cap thicknesses is

given in Table I.

III. EXPERIMENTAL METHODS AND THEORETICAL
DESCRIPTION

The second-harmonic generation experiments are car-

ried out using a Titanium-sapphire (Ti-Al2O3) laser at a

wavelength of 800 nm with a power output of 130 mW, with

a pulse width of approximately 120 femtoseconds and a rep-

etition rate of 82 MHz. The average power density after fo-

cusing is approximately 2 kW=cm2. The beam is initially

guided through a half-wave plate and a polarizer to control

its polarization. Thereafter the beam passes through a RG

665 filter and is then focused using an achromatic doublet.

Subsequently, the beam is incident on the sample at an

angle of 45�. The sample is mounted on a rotation stage for

azimuthal rotation of the sample. The outgoing beam is colli-

mated with an achromatic doublet and then the beam passes

through a BG 36 filter allowing light of 400 nm to pass,

while the 800 nm fundamental beam is blocked. When the

signal has passed an analyzer, the light is detected by a

photomultiplier tube. From different polarizer-analyzer con-

figurations, physical parameters can be extracted upon rota-

tion of the sample. In this experiment, the position of the

polarizer and analyzer can be s- or p-polarized, meaning that

the electric field is aligned perpendicular or along the plane

of incidence, respectively.

For intense electromagnetic fields, such as those gener-

ated by a pulsed laser beam, the induced polarization is no

longer linearly proportional to the incident electric field

EðxÞ.20 Instead, the induced polarization contains higher

harmonics of the frequency x. Among these, the second har-

monic polarization Pð2xÞ at the double frequency can be

written as the sum of dipolar PDð2xÞ and quadrupolar

PQð2xÞ polarizations

Pð2xÞ ¼ PDð2xÞ þ PQð2xÞ
¼ vD : EðxÞEðxÞ þ vQ : EðxÞrEðxÞ; (1)

where x is the frequency of the light, EðxÞ and EðxÞ are the

electric fields of the incident light, and vD and vQ indicate the

dipolar and quadrupolar nonlinear susceptibilities, respectively.

FIG. 1. The growth of the samples and dependency of silicon thickness on

the oxidation. (a) Schematic diagram of the monolayer growth of silicon on

top of germanium. (b) Schematic diagram of the second oxidation. For sam-

ples 2 and 3, the first oxidation is an ozone step, followed by an HF clean,

which etches the oxide layer away. Thereafter, an oxidation in ambient O2

or O3 is performed. The thickness of the silicon layer decreases because of

the etching step. (c) The final structure of the investigated samples.
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The susceptibility vD is a third rank tensor, which consists of 27

components, but it can be considerably simplified based on the

symmetry considerations of the sample. In our case, the Si(001)

surface and interfaces are four-fold symmetric in the plane of

the sample, hence the susceptibility tensor reduces to20,21

vD ¼
0 0 0

0 0 0

vzxx vzyy vzzz

0 vxzx 0

vyyz 0 0

0 0 0

0
@

1
A; (2)

where vzxx ¼ vzyy and vyyz ¼ vxzx. By changing the polarizer-

analyzer configuration, different tensor components can be

addressed.

For a (001)-oriented lattice, in the Sin � Pout polarizer-

analyzer configuration, in vD a single tensor element is

addressed; the dipolar contribution is therefore a constant: PD
iso.

The quadrupolar polarization has the following

form:15,22,24

PQð2xÞ¼ðd�b�2cÞðE �rÞEþbEðr�EÞþcrðE �EÞ

þf
X

i

êiEiriEi: (3)

For clarity, we omitted the frequency dependence symbol of

the fundamental fields. The vectors êi are unit vectors along

the crystallographic directions and b; c; d; f are linear combi-

nations of the vQ tensor elements. Considering a single

plane-wave excitation, the first term in Eq. (3) is zero, while

the second term cancels due to Maxwell’s equations.23 For

Sin � Pout, the value of the third term is a constant: PQ
iso. The

fourth term is anisotropic and, within the framework of

Sipe’s theoretical model,21 in the beam coordinate system

ŝ; k̂; ẑ, it can be expressed as

P
Q
P�out;anisð2xÞ ¼ in~x½ fCð fSC

0a
2121 � fCC

0a
2131Þ

þ fSð fSC
0a
3121 � fCC

0a
3131Þ�E

0

1E
0

1; (4)

where n is the complex refractive index of the medium,

~x ¼ x=xcc, fC ¼ c=cnn, fS ¼ j=jðn~xÞðn~xÞ, j is the length

of a unit vector k̂, while C
0a and E

0
are both expressions in

the ŝ; k̂; ẑ coordinate system, of on the one hand side, linear

combinations of the vQ tensor elements and on the other, the

fundamental electric field.

Evaluating Eq. (4) leads to

P
Q
P�out;anisð2xÞ ¼ in~xn

fCfS½1� cos4ð/þ hÞ�
4

E
0

1E
0

1

¼ PQ
anissin22ð/þ hÞ; (5)

where PQ
anis regroups all constant terms, / is the angle upon

azimuthal rotation, and h is the phase.

Finally, the intensity of the SHG signal in the Sin � Pout

polarizer-analyzer configuration becomes

ISin�Pout
ð2xÞ / jPD

iso þ PQ
iso þ PQ

anissin22ð/þ hÞj2

/ jI0ð2xÞj þ jBjsin22ð/þ hÞ

þ jAjsin42ð/þ hÞ; (6)
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where I0ð2xÞ ¼ ðPD
iso þ PQ

isoÞ
2
, while B ¼ 2ðPD

iso þ PQ
isoÞP

Q
anis

and A ¼ ðPQ
anisÞ

2
. The latter term is small with a maximal signal

of 10 counts=s, verified by SHG measurements in the Sin � Sout

configuration. In similar systems, the dominating contribution

has been reported to have electric-dipole character, originating

from the surface.23 Nevertheless, for Si(001) a large electric-

quadrupole response from the bulk has also been reported.25

Moreover, in some cases it has been shown that contributions

from the electric dipole, electric quadrupole, and=or magnetic

dipole could be inseparable.25,26

Note that we did not include an EFISH term in the total

SHG intensity. A possible EFISH contribution is not likely

to contribute upon azimuthal rotation. First, the sample was

characterized using highly intense laser light, which saturates

the photo-induced carriers and defects.27 This EFISH contri-

bution can be considered to be represented by I0 in Eq. (6)

and is considered constant for all samples. In addition, the in-

herent EFISH contribution arising from fixed charges at the

interface should be constant, due to the 8 nm HfO2 on top of

the total structure, because the total thickness of all oxide

layers is approximately constant. The defects, which give

rise to an internal electric field, are predominantly present at

the SiO2=HfO2 interface.28 The number of charges at the

interface are invariant upon growing more Si because of the

similarities in the growth procedure. Hence, the voltage drop

over the oxide layer is constant.

IV. DISCUSSION AND RESULTS

The SHG experiments were conducted for four different

polarizer-analyzer configurations, namely Pin � Pout, Pin �
Sout, Sin � Pout, and Sin � Sout; however, only the Sin � Pout

configuration is presented. This configuration is the most

informative one, since it only depends on one electric-dipole

allowed susceptibility component vzyy (representative for

the surface) in addition to a bulk contribution. Note that we

assume that the surface is not reconstructed during deposi-

tion of subsequent layers.

The SHG measurements were performed for all samples,

grown as specified above. The Sin � Pout configuration for

the samples with a native oxide are presented in Fig. 2, while

the samples oxidized with ozone are shown in Fig. 3. The

SHG intensity is given as a function of the rotation angle of

the sample. From Fig. 2, it can be noticed that the overall in-

tensity of SHG increases with an increasing number of sili-

con monolayers. The rise in SHG signal is observable for

both SiH4 and Si3H8 as Si precursors.

We summarize the possible mechanisms which can

induce this increase in SHG intensity. First, due to the strain

in the Si interlayer, the tiny increase in material can have a

drastic increase in SHG signal.8 Second, screening of the

Ge=Si interface can explain this behavior when the Si=SiO2

interface is grown. Because the Ge=SiO2 interface generates

less second harmonic than the Si=SiO2 interface, upon depo-

sition of Si, the “top” interface can screen the “bottom” one.

This has been reported previously on similar structures fabri-

cated from other materials.29,30 Especially, if the tensor com-

ponents of these interfaces have an opposite sign, the

intensity will first decrease and then increase, which can be

observed in our experiment. Third, the possibility of contrib-

uting quantum well states should not be excluded.31,32 Due

to a change in thickness, the energy band diagram can drasti-

cally change, thereby changing the SHG response inten-

sively. Fourth, segregation of Ge in the Si layer is possible

and can greatly affect the second-harmonic generation.33

Those effects can all have an influence on the SHG response.

From Fig. 2, it can be noticed that the phase of the 1.9

ML sample prepared with SiH4 is shifted 45� compared to

the other silicon cap thicknesses. Similar phase shifts have

been reported before from Si=oxide16,27 and Si=metal inter-

faces34 and have been attributed to EFISH. In our case,

can the phase shift be attributed to EFISH? When measuring

the SHG response of semiconducting samples, the high

intense laser light can induce charges, which accumulate at

the surface or interfaces. These accumulated charges can

lead to an internal field and hence EFISH. The samples were

subjected to the high intensity laser beam well before starting

the experiment. Hence, the EFISH arising from charging of

defects is approximately constant when the measurement

starts. Consequently, we believe that the phase shift in Fig. 2

is related to the presence of different interfaces during Si

growth.35 More specifically, upon increasing the thickness of

Si, first the Ge=SiO2 interface forms and then the Ge=Si one.

Note that the phase shift in Fig. 2(a) is not observed for the

FIG. 2. SHG intensity as a function of sample rotation for various Si thick-

nesses (in monolayers). The SHG intensity in the Sin - Pout polarizer-

analyzer configuration as a function of sample rotation is shown in (a) and

(b) for all samples grown with SiH4 and Si3H8 precursors, respectively.

Increasing Si thickness results in an increase in SHG intensity for both pre-

cursors. The lines are fittings to Eq. (6).
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layer grown with Si3H8, see Fig. 2(b). However, the thick-

ness of the thinnest silicon cap layer of both precursors

differs by 0.2 ML. This indicates that between 1.9 and

2.1 ML a silicon onset is introduced, before the layer is fully

oxidized. Because the oxidation process is well controlled in

length and due to the presence of the HfO2 layer, the thick-

ness of the SiO2 layer is thinner than grown as a native oxide

in ambient atmosphere.

It should be noted that there is a significant difference in

the anisotropic modulation in Fig. 2. This difference can be

attributed to the different growth conditions used for the

different precursors. The growth temperature for trisilane is

350 �C while for silane the process can only occur at 500 �C.

At lower temperatures, the amount of defects introduced in

the structure increases. It appears that the enhancement in

defect density decreases the anisotropic modulation.2,33 Due

to different temperatures, segregation of Ge into the Si cap-

ping layer can be different for both precursors, inducing a

difference in anisotropic modulation as well.

In Fig. 3, we show the influence of oxidation on SHG

intensity. The first sample was a silicon cap passivated Ge

wafer with native oxide without an HF-dip (sample 1). The

other samples were oxidized in ozone for 60 s and subse-

quently the oxide layer is etched away. Next, the samples

were exposed to ambient atmosphere (sample 2) or exposed to

ozone for 60 s (sample 3). It is clear that the three samples

show a drastically different SHG response and that oxidation

decreases the overall SHG intensity emanating from the sam-

ple. Furthermore, we can clearly distinguish between O2 and

O3 oxidation. The fact that the SHG intensity decreases upon

further oxidation strongly suggests that the SHG signal origi-

nates from the silicon. Indeed, the etching step and oxidation

step will remove Si and based on the results in Fig. 2, this is

accompanied by a strong decrease in SHG intensity. This is in

agreement with previous studies of the SHG intensity decrease

upon oxidation time.18 Due to the presence of strain in the Si

interlayer, the change in SHG signal can be enhanced.

This thickness dependency can be more clearly seen in

Fig. 4, where the isotropic contribution of the total SHG signal,

extracted by fitting the total SHG signal using Eq. (6), is plotted

as a function of the number of monolayers determined by

ellipsometry after each oxidation. The difference in SHG

response from the SiH4 grown silicon layer and Si3H8 can be

noticed here as well. A very likely explanation for this differ-

ence is the variation of Ge segregation. In silane grown Si caps,

the segregation is larger than in the trisilane grown structures.

Hence, after silicon cap passivation, more Ge is segregated in

the silane-formed silicon layer than the trisilane-formed layer.

Segregated Ge atoms accumulate at the Si=SiO2 interface.

Upon oxidation, the presence of Ge on the Si surface leads to

deeper oxidation of the Si cap. When cleaned with HF, more

material is removed and a thinner silicon cap remains. This

mechanism could explain the difference in decrease of the sili-

con cap layer formed by SiH4 or Si3H8.
2 A similar trend is

observed when the anisotropic parameter B is plotted as a func-

tion of the number of Si monolayers (not shown).

Because second-harmonic generation is not an absolute

technique for measuring material thickness, a calibration to

FIG. 3. SHG intensity as a function of oxidation steps. The effect of oxida-

tion on the SHG intensity in the Sin � Pout polarizer-analyzer configuration

is shown in (a) and (b) for SiH4 and Si3H8 precursors, respectively. Sample

1 is a silicon cap passivated Ge wafer with a native oxide. The other samples

are oxidized first in ozone and then the oxide layer was etched away. Next,

the samples were oxidized in ambient atmosphere (sample 2) or in ozone

(sample 3). The lines are fittings to Eq. (6).

FIG. 4. SHG sensitivity to oxidation

steps. The isotropic (surface) contribu-

tion for the fitted curves in Figs. 2 and 3

are given as functions of the number of

silicon ML in (a) and (b), respectively.

The number of monolayers is measured

with ellipsometry. The data indicated

with an “x” is recorded for SiH4 as Si

precursor, whereas the data indicated

with a “þ” is for Si3H8. For the different

oxidized samples, the second oxidation

step is specified. The line in (a) is a

guide for the eyes.
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complementary measurement techniques would still be nec-

essary for quantitative measurements. In addition, thickness

measurements by SHG can only be performed for a well-

known process where surface or interface properties are well

known. Consequently, second-harmonic generation should

be seen as a very accurate technique that requires calibration

for quantitative measurements.

It can be clearly observed from Fig. 4 that the SHG

intensity decreases, as expected, after the second oxidation

step, indicating a decrease in Si thickness. This observation

goes beyond the information that can be obtained by ellips-

ometry measurement alone, due to the standard deviation on

the SE measurements. Hence, for silicon cap passivated ger-

manium, the change in silicon thickness as a result of oxida-

tion can be more accurately observed with second-harmonic

generation as compared to ellipsometry. Note that the first

sample (1.9 ML) grown with silane does not follow the lin-

ear trend. This is because all of the silicon oxidized and no

silicon interlayer is present in the structure.

V. CONCLUSION

In conclusion, we have shown that second-harmonic gen-

eration can be used to characterize buried interfaces with

extremely high sensitivity. As a test case, we have found SHG

to provide highly accurate relative measurements of the thick-

ness of silicon layers with only a few ML thickness on top of

germanium substrates. Furthermore, these results show the

subtle differences in oxidizing behavior of the Si layer during

oxidizing cleaning steps as a function of the Si precursor used

to grow the layer. In the absence of surface roughness or inter-

face defects, we can conclude that SHG can distinguish differ-

ent oxide treatments during semiconductor growth precisely,

in contrast to spectroscopic ellipsometry. This emphasizes the

usefulness of SHG as a solid probing technique for buried

interfaces. However, thickness measurements by SHG can

only be performed for a well-known process where surface or

interface properties stay constant. To obtain an absolute mea-

surement of the layer thickness, calibration is needed. In the

future, second-harmonic generation can be extended for use in

semiconductor growth monitoring and further research on

new generations of semiconductor devices.
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