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We investigate the mechanical properties of freely suspended nanostrings fabricated from tensile-

stressed, crystalline In1�xGaxP. The intrinsic strain arises during epitaxial growth as a consequence

of the lattice mismatch between the thin film and the substrate, and is confirmed by x-ray diffrac-

tion measurements. The flexural eigenfrequencies of the nanomechanical string resonators reveal

an orientation dependent stress with a maximum value of 650 MPa. The angular dependence is

explained by a combination of anisotropic Young’s modulus and a change of elastic properties

caused by defects. As a function of the crystal orientation, a stress variation of up to 50% is

observed. This enables fine tuning of the tensile stress for any given Ga content x, which implies

interesting prospects for the study of high Q nanomechanical systems. Published by AIP
Publishing. https://doi.org/10.1063/1.5054076

Introducing strain in material systems enables the con-

trol of various physical properties. Examples include the

improved performance of semiconductor lasers,1,2 enhanced

carrier mobility in transistors,3,4 direct formation of quantum

dots,5,6 and increased mechanical quality factors (Q) in

micro- and nanomechanical systems (M-/NEMS).7,8 In par-

ticular, tensile-strained amorphous silicon nitride has

evolved to a standard material in nanomechanics in recent

years. The dissipation dilution9,10 arising from the inherent

tensile prestress of the silicon nitride film gives rise to room

temperature Q factors of several 100 000 at 10 MHz reso-

nance frequencies,7,8,11–13 while additional stress engineer-

ing has been shown to increase Q by a few orders of

magnitude.11,14,15 However, defects16 set a bound on the

attainable dissipation and hence Q in amorphous materi-

als,13,17,18 provided that other dissipation channels can be

evaded.13,19 Stress-free single crystal resonators, on the other

hand, feature lower room temperature Q factors but exhibit a

strong enhancement of Q when cooled down to millikelvin

temperatures,20 as a result of the high intrinsic Q of single

crystal materials.21 Combining dissipation dilution via ten-

sile stress with high intrinsic Q of single crystal materials

could open a way to reach ultimate mechanical Q at room

temperature.

In recent years, a few possible candidates for tensile-

strained crystalline nanomechanical resonators have

emerged. Those include, for example, heterostructures of the

silicon based 3C-SiC22 and the III-V semiconductors

GaAs,23 GaNAs,24 and In1–xGaxP.25 Advantages of ternary

In1�xGaxP (InGaP) are the direct bandgap (for x< 63%) and

the broad strain tunability. When grown on GaAs wafers,

this alloy system may be compressively strained, strain-free,

or tensile strained, with possible tensile stress values exceed-

ing 1 GPa, by varying the group-III composition x. The pros-

pects of InGaP in nanomechanics range from possible

applications in cavity optomechanics25,26 to coupling with

quantum-electronic systems, such as quantum wells27 and

quantum dots.28

Here, we explore freely suspended nanostrings fabri-

cated from InGaP as nanomechanical systems. Our analysis

reveals that even for fixed x, the tensile stress state of the res-

onator can be controlled by varying the resonator orientation

on the chip. This implies that unlike for the case of silicon

nitride NEMS, resonator orientation will be an important

design parameter allowing us to fine-tune the tensile stress

for any given Ga content x.

We investigate crystalline string resonators from two

differently stressed, MBE grown III–V heterostructures,

illustrated in Figs. 1(a) and 1(b). Both structures consist of

two 86 nm thick InGaP layers, each capped by 1 nm of

GaAs. Both InGaP layers are situated atop a sacrificial layer

FIG. 1. Epitaxial heterostructure. Scanning electron micrograph (a) and

schematic (b) of the employed heterostructure. Only the top InGaP and

AlGaAs layers are used as the resonator and sacrificial layer, respectively.

(c) String resonators with a thickness of 86 nm and lengths ranging from

9 lm to 53 lm. Micrographs in (a) and (c) show high-stress InGaP.a)Electronic mail: eva.weig@uni-konstanz.de
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of high aluminum content AlyGa1�yAs (AlGaAs), with

y¼ 92%. Note that only the top InGaP and AlGaAs layers

were employed as the resonator and sacrificial layer, respec-

tively, in this work.

By varying the Ga content of InGaP, the lattice-constant

a1L ðxÞ changes by up to 7%. Since the substrate lattice con-

stant of AlGaAs changes by only 0.1%, as a function of its

Al content, we assume the lattice constant of AlGaAs to

equal that of plain GaAs, aAlGaAs ¼ aGaAs. The difference in

lattice constants results in a lattice mismatch d1L
¼ ða1L ðxÞ � aGaAsÞ=aGaAs between the InGaP and the GaAs

lattice. This mismatch induces an in-plane strain ekðxÞ in the

InGaP layer and is defined by the ratio29

ekðxÞ ¼ a
k
L � a1L ðxÞ

a1L ðxÞ
; a

k
L ¼ aGaAs (1)

with the distorted in-plane lattice constant a
k
L of the strained

InGaP layer, which in the case of a 100% pseudomorphic

layer equals the lattice constant of the substrate a
k
L ¼ aGaAs.

An InGaP layer grows strain-free (lattice-matched) on a

GaAs substrate for the x¼ 51% Ga content, i.e.,

a
k
L ¼ a1L ð0:51Þ.25,30 The layer is grown tensile (compressive)

strained for a higher (lower) Ga content. With this hetero-

structure, it is thus possible to adjust and tailor the strain in a

film up to a critical thickness determined by x.31,32 In this

work, we investigate In1�xGaxP with Ga contents of xHS

¼ 58.7% (high-stress) and xLS ¼ 52.8% (low-stress). The

resulting strain values are ekðxHSÞ ¼ 5:34� 10�3 and

ekðxLSÞ ¼ 0:95� 10�3, for InGaP on GaAs, respectively.

String resonators were defined by electron-beam-lithog-

raphy followed by a SiCl4 inductively coupled plasma etch,

using negative electron-beam-resist ma-N 2403 as an etch-

mask, before releasing them with a buffered HF wet etch.

The resonators are additionally cleaned via digital wet etch-

ing.33 In the end, we critical-point dried the samples, to

avoid stiction and destruction of the structures.34 Examples

of free standing string resonators are shown in Fig. 1(c).

The samples are explored at room temperature and

mounted inside a vacuum chamber (pressure < 10�3 mbar)

to avoid degradation of the AlGaAs sacrificial-layer under

ambient conditions35 as well as gas damping. We measured

the fundamental resonance frequency of the out-of-plane

flexural mode of resonators of different lengths and orienta-

tions on the substrate, using piezo-actuation and interfero-

metric detection. The InGaP resonators exhibit quality

factors up to 70 000. Figure 2 presents the measured frequen-

cies of several sets of resonators fabricated from the high-

stress InGaP epitaxial structure as a function of the resonator

length L for two different resonator orientations on the chip.

Resonators with an angle of 0� are oriented parallel to the

cleaved chip edges, see inset of Fig. 2, which correspond to

the h110i crystal directions for III–V heterostructures on

(001) GaAs substrate wafers. Hence, the strings point along

a h110i direction. For comparison, we also discuss resonators

which are rotated clockwise by 45� and hence are oriented

along a h100i direction of the crystal.

Following Euler-Bernoulli beam theory,36,37 we can

express the eigenfrequency of the n-th harmonic as

fn ¼
n2p
2L2

ffiffiffiffiffiffi
EI

qA

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ rAL2

n2p2EI

r
; (2a)

fn �
n

2L

ffiffiffi
r
q

r
for

rAL2

n2p2EI
� 1; (2b)

where E is the Young’s modulus, I is the area moment of

inertia, q is the mass density, A is the cross-sectional area,

and r the stress. For the case of sufficiently strong tensile

stress, Eq. (2a) reduces to Eq. (2b). The resonance frequen-

cies shown in Fig. 2 are fitted with Eq. (2b) and clearly fol-

low the expected 1/L dependence. Being in the high tensile

stress regime, a change in frequency for a given resonator

length can only originate from a different tensile stress r.

The frequency mismatch between the 0� and 45� data indi-

cates that the stress depends on the resonator’s orientation.

Solving Eq. (2a) for r and calculating the weighted mean

from all data points yield r(xHS, 0�) ¼ 642.3(3.3) MPa and

r(xHS, 45�) ¼ 440.2(2.6) MPa, indicating that the tensile

stress varies by almost 50% with the crystal direction.

For anisotropic materials, stress r and strain e are related

by the fourth rank compliance S or stiffness C tensors, r
¼ Ce and e ¼ Sr.38 For cubic crystals, those tensors simplify

to 6� 6 matrices with three independent components, c11,

c12, and c44 (see supplementary material). For In1�xGaxP,

each component cij (x) depends on the Ga content x, and val-

ues are taken from Ref. 39.

By applying matrix rotations and transformations, one

can calculate the angle dependent Young’s modulus E(x, h)

of an ideal and defect free system (see supplementary mate-

rial). Figure 3 shows E(x, h) for the two different Ga contents

xHS ¼ 58.7% and xLS ¼ 52.8%. The Young’s modulus dis-

plays a similar behavior for both Ga contents and varies

between 80 GPa and 125 GPa, between the h100i and h110i
crystal directions, respectively. In addition, Fig. 3 clearly

reveals the 90� rotation symmetry of E(x, h). To calculate

the tensile stress, we multiply the Young’s modulus by the

strain from Eq. (1) according to Hooke’s law

rðx; hÞ ¼ Eðx; hÞekðxÞ: (3)

FIG. 2. Mechanical frequencies of stressed In1�xGaxP, xHS ¼ 58.7%, string

resonators as a function of their length, for two different orientations on the

chip. Resonance frequencies for 0�-resonators are plotted in black rectangles

and resonators rotated clockwise by 45� in grey diamonds. Fits of both data-

sets show the 1/L frequency-dependence expected for the case of strongly

prestressed string resonators. Calculating the weighted mean yields stress

values of r(xHS, 0�) ¼ 642.3(3.3) MPa and r(xHS, 45�) ¼ 440.2(2.6) MPa.

Inset: Resonator orientations with respect to chip edges.
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The resulting stress values for both angles, r(xHS, 0�)
¼ 655.3 MPa and r(xHS, 45�)¼ 454.9 MPa, coincide well

with the experimental results.

To further investigate the angular stress dependence of

InGaP, we fabricated similar sets of resonators with angles

changing in Dh ¼ 11.25� steps. For each orientation, the ten-

sile stress is extracted using Eq. (2a). The top plots of Fig. 4

show the resulting angular stress dependence for two differ-

ent Ga contents. In both cases, local stress maxima are

observed at 0� and 90�, i.e., along h110i crystal directions.

Accordingly, the minima are found at 45� and 135�, which

correspond to h100i directions.

The gray dashed line in Fig. 4 depicts the stress values

obtained by using Eqs. (1) and (3), which does not

completely coincide with the experimental data. While the

model conforms with the data at 0� and 180�, there are devi-

ations around 90� for both xHS ¼ 58.7% and xLS ¼ 52.8%.

To elucidate the deviation of stress, we have performed

high resolution x-ray diffraction (HRXRD) reciprocal space

map measurements29 along two orthogonal h110i crystal

directions as shown in Fig. 5(a). The diffraction peak arising

from the InGaP layer lies directly above the substrate peak

[circles in Fig. 5(a)], i.e., at the same Qh110i positions, and

coincides with the expectation for a 100% pseudomorphic

film within an accuracy of 10�3 Å�1. In particular, the

HRXRD measurements show the same out-of-plane strain

for both the [110] and ½�110� sample orientations. However,

the InGaP layer peaks show a different diffuse scattering

which can be mainly attributed to point defects,40 indicating

different defect densities along the orthogonal h110i crystal

directions.

Additional cathodoluminescence (CL) measurements in

Fig. 5(b) are done to obtain further insight into the disloca-

tion density in the epitaxial material. These measurements

confirm different defect densities along the orthogonal h110i
crystal directions. Dislocation lines have a higher density

along the ½�110� direction than along [110].

It has been shown that defects can influence the elastic

properties of crystalline materials and can lead to a softening

as well as a hardening of the elastic constants.41,42

This change of elastic properties can be treated as an effec-

tive Young’s modulus rðx; hÞ=ekðxÞ ¼ Eðx; hÞ þ DEðhÞ. We

extract the deviation DE(h) from the experimentally obtained

stress, the strain using Eq. (1), and the theoretically calculated

Young’s modulus determined in Fig. 3. The extracted values are

shown in the bottom plots of Fig. 4 and clearly reveal an angular

deviation from the theoretical Young’s modulus. Both the soft-

ening and hardening of elastic constants can be seen for our two

FIG. 3. Crystal orientation in wafers and angle dependent Young’s modulus

in In1�xGaxP. (a) Schematic crystal orientations of a (001) GaAs wafer. In

this case, unrotated (0�) resonators point along a h110i crystal direction. The

resonator angles are changed clockwise, e.g., from [110] towards [100].

Inset: Definition of the resonator angle such that 0� resonators are parallel to

the chip edge along a h110i direction. (b) Orientation dependent Young’s

modulus inside the (001) wafer plane, showing a 90� rotation symmetry.

Solid line for xHS ¼ 58.7% and dashed line for xLS ¼ 52.8%. (c) Close-up of

angle dependent Young’s modulus, showing the first quadrant of the polar

plot (b).

FIG. 4. Angular stress dependence of tensile strained In1�xGaxP string reso-

nators. (a) High-stress InGaP with Ga content of xHS ¼ 58.7%. Stress vary-

ing between 430 MPa and 640 MPa (top). Dashed gray line: Theoretically

calculated stress, using Eqs. (1) and (3). Blue line: Taking a change of elas-

tic properties due to defects into account by a cos ð2hÞ angle dependent

change DE of the Young’s modulus E(x, h) (bottom). (b) Low-stress InGaP

with xLS ¼ 52.8%. Showing a similar change of the Young’s modulus as in

(a). Error bars represent the uncertainty from the weighted mean calculation.

FIG. 5. (a) Reciprocal space maps depicting the asymmetric 224 reflections

of the HRXRD measurement. On the left, the impinging x-ray beam is ori-

ented along the [110] and on the right along the ½�110� direction. Q[hkl] are

the reciprocal lattice vectors. The circle indicates the substrate peak. The

layer peak position for a 100% pseudomorphic InGaP layer is indicated by a

diamond. In contrast, the triangle indicates the position of a fully relaxed

layer. The coincidence of the observed layer peak with the diamond con-

firms that the unstructured InGaP is 100% pseudomorphic. (b)

Cathodoluminescence measurements are used to elucidate the dislocation

density in the strained epitaxial structure. As shown in this image, the

orthogonal h110i crystal directions exhibit a different density of dislocation

lines (horizontal and vertical dark lines), resulting in variations of the defect

structure as a function of orientation.
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different InGaP compositions. One can see softening

for the high-stress sample, while the low-stress sample shows

both softening and hardening. Fitting a phenomenological

cos ð2hÞ function to the data leads to the deviation functions

DEHSðhÞ ¼ ð�5:53þ 5:13 cos ð2hÞÞGPa and DELSðhÞ
¼ ð2:44þ 23:40 cos ð2hÞÞGPa, respectively. Adding those

functions to the theoretical Young’s modulus to calculate the

angular stress [Eq. (3)], we obtain the solid blue lines in Fig. 4

which indicate the added effect.

In conclusion, we have explored tensile-strained nano-

mechanical string resonators fabricated from crystalline

In1�xGaxP. The initial InGaP thin film is pseudomorphically

strained for a thickness of 86 nm and a Ga content of xHS

¼ 58.7%. For the given composition, we extracted an angle-

dependent tensile stress of up to 650 MPa. InGaP with a Ga

content of xLS ¼ 52.8% shows lower tensile stress around

100 MPa with a similar angle-dependence as the high-stress

InGaP. The observed angular stress dependence with respect

to the crystal orientation is explained by a combination of

anisotropic Young’s modulus and a change of elastic proper-

ties caused by defects. This enables control over the stress of

a nanomechanical resonator for a given heterostructure with

fixed Ga content, which in turn could be optimized to enable

maximum tensile stress. In addition, angular stress control

opens a way to investigate the influence of tensile stress on

the dissipation of nanomechanical systems. Stress control

and further characterization of strained crystalline resonators

will help to gain a deeper understanding in pursuit of ulti-

mate mechanical quality factors.14,15 Finally, InGaP is a

promising material for cavity optomechanics, as two photon

absorption is completely suppressed at telecom wave-

lengths.25,26 Moreover, tensile strained InGaP could open a

way to combine a high Q nanomechanical system with a

quantum photonic integrated circuit on a single chip.43,44

See supplementary material for detailed descriptions of

the fabrication process, calculations of the Young’s modulus,

comments on the critical thickness of the InGaP lattice

matched to GaAs, and for more details on the HRXRD

measurements.
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26B. Guha, S. Mariani, A. Lemâıtre, S. Combri�e, G. Leo, and I. Favero,

“High frequency optomechanical disk resonators in III-V ternary semi-

conductors,” Opt. Express 25, 24639 (2017).
27E. A. Sete and H. Eleuch, “Controllable nonlinear effects in an optome-

chanical resonator containing a quantum well,” Phys. Rev. A 85, 043824

(2012).

201903-4 B€uckle et al. Appl. Phys. Lett. 113, 201903 (2018)

ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-113-025846
http://dx.doi.org/10.5281/zenodo.1477912
http://dx.doi.org/10.5281/zenodo.1477912
https://doi.org/10.1049/el:19890553
https://doi.org/10.1063/1.101688
https://doi.org/10.1109/JQE.1986.1073152
https://doi.org/10.1109/55.285389
https://doi.org/10.1063/1.110199
https://doi.org/10.1126/science.280.5361.262
https://doi.org/10.1063/1.2204829
https://doi.org/10.1038/ncomms1723
https://doi.org/10.1103/PhysRevLett.108.083603
https://doi.org/10.1121/1.410467
https://doi.org/10.1103/PhysRevLett.116.147202
https://doi.org/10.1103/PhysRevLett.116.147202
https://doi.org/10.1021/acs.nanolett.7b00573
https://doi.org/10.1103/PhysRevLett.113.227201
https://doi.org/10.1038/nnano.2017.101
https://doi.org/10.1126/science.aar6939
https://doi.org/10.1103/RevModPhys.74.991
https://doi.org/10.1103/PhysRevA.83.063835
https://doi.org/10.1103/PhysRevB.89.100102
https://doi.org/10.1016/j.physrep.2013.09.003
https://doi.org/10.1038/ncomms4638
https://doi.org/10.1103/PhysRevLett.120.223601
https://doi.org/10.1063/1.4866268
https://doi.org/10.1143/APEX.3.065201
https://doi.org/10.7567/APEX.6.111201
https://doi.org/10.1063/1.4879755
https://doi.org/10.1364/OE.25.024639
https://doi.org/10.1103/PhysRevA.85.043824


28I. Wilson-Rae, P. Zoller, and A. Imamoǧlu, “Laser cooling of a nanome-
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