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ABSTRACT

Nanothermochromic diffraction gratings based on the metal-insulator travsition of VO are fabricated by site-
selective ion-beamn implantation in a SiQ; matrix. The studied diffraction gratings were defined (i) directly
by spatially sclective jon-beam synthesis or (ii} by site-selective deactivation of the metal-insulator transition
by ion-beam induced structural defects. The strongest increase of the diffraction efficient was observed at a
wavelength of 1550 nm exceeding one order of magnitude for the selectively deactivated gratings. The observed
| pronounced thermal hysteresis extends down close to room temperature and makes these optical elements well
}‘ suited for optical metnory devices.
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1. INTRODUCTION

The metal-insulator transition (MIT) of vanadium dioxide {(VO,)! has been studied for more than five decades in
great detail. The broad interest is on the one hand sparked by the underlying fundamental physical mechanisns?
on the other hand novel devices are in the focus of applied research. These novel device concepts are utilizing
the dramatic variation of both the electrical conductivity! and/or aptical constants® ® which oceur at ultrafast
timescales.% 7 For optical devices the thermochromism of VO, has been employed for diffractive and plasmonic
devices as well as metamaterials in both the visible and near-infrared® 4 and the mid-/far-infrared** '® spectral
domain.

Here we report on the fabrication of nanothermochromic diffraction gratings based on VO3 nanocrystals (NCs)
| syithesized by ion-beam implantation and rapid thermal annealing (RTA). We describe two complementary
j routes for which the grating is defined by position selective (i) NC synthesis or (ii) deactivation of the NCs' MIT.
| The fabricated devices are characterized by temperature and angular resolved light diffraction at wavelengths
used for fiber-optical communication. We demonstrate giant variations of the diffraction efficiencies of the
nanothermochromic gratings as the active NCs undergo the MIT,

: 2. SAMPLE FABRICATION
} 2.1 Jon-beam synthesis of vanadium dioxide nanocrystals

fon-beam synthesis is a versatile technique to fabricate a broad variety of different functional NCs in crystalline
and amorphous matrix materials.”® 7 In addition to optically active, emitters such as compound semiconduc-

tors,'® the synthesis of VO, NCs has been established and improved over the past more than 15 years.!" %%

* . . - . .
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Figure 1. (Color ouline) Structiral and aptical characterization of VO NCs in crystalline quarts — {a) High-resohiliion
transwission clectron micrograph (HRTEM) of a single dislocation-free VO2 NC . (b) Normal incidence optical trans-
mission of & 1350 nm laser throagh an unpatterned Tayer of VOu NCs as a function of temperature. The broad thermat
hysteresis i~ characteristic for single-domain VO3 nanosystems.

The ion-bean synthesis of VO, NCs stndied in this work was performed as follows: We start with a two-step
miplantation process of vanadium (9 10%at/en® 4 100keV) and oxyveen (1.8 - 1007as/em? @ 36keV). These
elemtents are implamted directly into three different types of substrates: (i) 200 nm thick thermal oxide on a Si
wafer for TEM and Raman studies, (1i) 0.5 mm thick fused silica substrate or {iii} a-quartz for diffraction gras-
tngs. The VO, nanacrystals are formed during a 10min rapid thenmal annealing (RTA) step at Ty == 1000°C
For 81 — 510, and fused silica substrates the temperative was heated up during a 15s ramp. In contrust to
these types of substrates, ervstalline quartz required a graded heating profile. Applying the RTA parameters
extablished for Si and amorphons silica substrates, crystalline quartz sauples fragmented during the RTA step.
We suspect a thermal build up of internal stresses to he the origin of this cffect. To avoid this fragmentation, we
nadilied onr RTA heating cyele for ervstalline quartz substrates which we designed as follows: Afier an initial
ramnp to Thra = 400°C the substrate was kept at this temperature for 39s. Then we continued with three
ATgra = 200°C temperature steps 1o the final temperaiure of Tira = 1000°C. After each temperature slep we
introduced a setthing time of 0s for the system to stabilize,

We characterized the such synthesized NCs using transmission electron microscopy (TEM). We find that the
NCs are positioned 85 mm corresponding well to the projected range of the implanted ions. In addition we found
the avaerage NC radius to be 45 mn. The NCs themselves are defect-free and crystalline as can be scen in the Ligh
resolution TEM in Figure 1 (n) showing a single NC embedided in erystalline quartz. The MIT can be directly
observed by measuring the optical transmission through the NC layer. Tn Figure 1 {b) we plot the transinission
of i A == 1550 sz laser ax a function of the smnple temperature over one thermal cyele starting from 7 = 15°C
to T = 120°C. The data is normalized to the start value at T = 20°C. The transmission initially remaius high
as the NCx are in the insulating phase and sharply drops by ~ 20% at T = 85°C as the NCs undergoe the MIT
inte the metallie state. This transition temperature is ~ 17°C above the critical temperature of bulk VO,. As
the sample temperature is reduced, super-cooling of the metallic phase persist down to room temperature. This
broad and asywmetrie thermal hysteresis is characteristic for ion-beam synthesized V02 NCs' 2?2 and points to
a monodomain system of either insulating or metallic phase.?®

2.2 Deactivation of the MIT by ion-beam induced defects

The MIT of VO, and its thennal hysteresis can be controlled by introducing metal (\"\"', Ti, Mo) dopings.* 27 This
approach can be readily implemented also in the jon-beam synthesis of VO, NCs.22 Moreover, in addition
to such eleetrically active metal dopants, charge neutral defects can be generated by irradiation with nobie
gas ions.?! In particular when applied for high dese implantation with heavy ions such as Ar?, the large defect
densities are generated. These defects in turn fully suppress the MIT of VO3 aud the NCs remain in an insulator-
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like state for all temiperatures. For the work presented Tieve Ar™ ions were implanted with a fluence of 7- 10124

A keV.
2.3 Nanothermochromic diffraction gratings

{a) — Direct Synthesis {DS)
Vanadium / Oxygen

BT O

L

Figure 2. (Color onling) lon beam fabrication of VO, nancthermachvomie difvaction gratings ~ (2) Divect synthesiz (IX8)
and (b selective deactivation (S}

We present the two different routes, direct synthesis (DS) aund selective deactivation (SD). to realize nan-
othermochromic diffraction gratings in Fig. 2 {a) and (b), respectively. For both approaches we evaporale a
1200um thick chrowium implantation mask on 1 om x 1 e fused silica glass substrates {Crystee, Berlin) which is
patterned by conventional optical lithography in a lift-off process®. This mask can he completely removed afier
implantation by a highly selective wet chiemical etddi

fu the first approach shown in Fig. 2 (a) VO, nanocrysials are synthesized by mplantation of vanadium and
oxyvgen through the chromium mask using the parameters given in subsection 2.1, In this bottem-up approach
a RTA step is required after the chromium mask has been removed, We refer 1o this type of gratings as dircetly
sgnihesized (DS) gratings, For the top-down process shown in panel () of Fig. 2 we start with a substrate
already containing a homogeneous layer of VO, nanocrystals. Here the mask protects arrays of nanocrystals
during an Art {on iimplaniation step. As deseribed in subsection 2.2, the bombardment with Ar* fons introduces
defects in the VO3 nanocrystals which completely induibit their MIT. Bue to this movel property we refer to this
type of gratings as selectiocly deactivated (SD) in the following. ¥ Both types of two gratings are clearly resolved
in the eptical micrographs of Fig. 3 (a) and (b).

3. OPTICAL CHARACTERIZATION
3.1 Experimental details

We characterized our gratings using augle-resolved light diffraction as a function of temperature, As light sources
we employed commercial diode lasers at three tectmologically mast relevant wavelengths of 980 nri, 1310 mo and
1350 nm. The samples thenselves were mounted on a house huilt double-stage-Peliier temperature-controfled
holder in the eenter of a 20 cru diameter double-stage gonioweter. This setup allows for independent tuning
af the anuple of incidence and detection. The diffracted light was detected with an angular resolution of < 0.5
degrees using an amplificd InGaAs photodiode.

*Fused silica subsirates are required Jue to the high RTA temperature of Tipa = 1000°C.
'For SD gratings no further therinai treatmuent is required after mask removal. Thus, SD gratings can be readily
delined i a cold” process in contrast to their D8 counterparts.
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(a}— Direct Synthesis (DS) (b} — Seleclive Deactivation (SD)
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Figure 3. (Color online) Nanothermochromic switching of VO diffraction gratings - Diffracted Hght intensity as a function
of angle for 1 DS {a) and SD grating {periocd & = 18 pm) in the insulting (T = 207C, blur) and the metallic state
{7 = 100°C, red). Oprical microscope images of both types of gratings are shown as insets.

3.2 Angle resolved light diffraction
3.2.1 Normal incidence light diffraction

In Fig. 3 we compare the diffracted light intensity of a DS and SD grativg in the insulating phase at room
tewperature (77 = 20°C, blue) and in the metallic phase {T = 100°C, red) in panels (a) and (b}, respectively.
The periedicity of both gratings was A = 10 )i with duty cycles of .66 {(VOg + Si0: 8i0a) and 0.5 for the DS
and SD grating respectively. These scans were taken under normal incidence from the sample backside using a
1550 mn laser. For both gratings we observe a prononnced nerease of the diffracted light intensity as the VOo
nanocrystals undergo their phase transition into the metallic state. This increase of the diffraction efficiency
arises from an enhaneed diclectrie contrast. Since we observe a clear increase, the contribution of the refractive
component. dominates over contributions from plasmonic losses in the metallic nanocrystals.?® As a figure of merit
we define the switching contrast

T = !mctxdlicilI'msulﬂling (1)

to assess the napothermochromic switching performance. The most striking difference is observed for the variation
of the diffraction efficiencies of the two grating types. Diffraction is pronounced for the DS grating due to the
relatively large refractive index contrast hetween the non implanted S§i0; and the VO, : §5i0; for both low
aud high temperatures. As VO, undergoes the MIT into the metallic state the diffraction efficiency increases
corresponding to 1 ~ 3 due to the aforamentioned enhancement of the refractive index countrast. In strong
contrast, the SI) grating diffraction is weak at room temperature due to the minute refractive index contrast
genersted by the Art-ion bowbardment. As the active VO, nanocrystals undergo the MIT to the metailic state,
their refractive index change results in a giant variation of the dielectric contrast of the grating. This in turn
gives rise to the observed giant enhancement of the diffraction efficiency by wore than oue order of magnitude,
-~ 24

3.2.2 Incidence angle scans

We further characterized the diffraction properties and thermochromic switching performance of the SD) grating
in reflection geometry as a fiunction of the augle of incidence. We plot two full scans for the VO, nmx‘orryst;ﬂs
in the insulating (T = 15°C) and metallic phase (" = 110"C) as a function of ixacidepr:-("a]]d detection angle
i Fig. 4 (a) and {b), respectively. The origin of the detection angle {horizontal axis] is sct to tha? of (vh'e
directly reflected beam’s. In buth plots we use identical logarithmic scales for both the vertical intensity axis
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Figore 4. (Color online) Tncidence aml diffraction angle dependenve  {a) aud (b} Diffracted light intensity of 4 DY grating
in the insulating (T = 157C) and metallic phase (= 110°C) as a function of incidence and detection angle. {r} bwitchting
contrast {i) extracted fromn the data in {a) and (b).

and color code?, Clearly, the nanothermochromic switehing is also fully resolved in this geometry for all detected
diffraction orders as well as for the directly reflected beam. From these data we extracted the switching contrast,
11, s a function of of incidence and detection angle. This analysis clealy demonstrates that the pronoutced
nanothermochromic switching is also resolved under reflection geometry with 1 > ¢ for the prineipal diffraction
orders. While this is reduced by a factor of ~ 2 cownpared to the data recorded in transmission [ef. Fig. 3 (b)j,
a similar value 7 ~ 6 is observed for the vext allowed higher diffraction orders. Moreover, we want to paint aut
that, for the directly reflected beam the contrast is only minute. This demonstrates that the application of such
diffractive optical elements represents a powerful tool to monitoer variations of the dielectric properties. Thus
this method is not linited to (nano)thermochromism but could be also applied and extended to other systems
such as electrochromic materials,

3.3 Thermal hysteresis

The well known pronounced thermal hysterests in nanoscopic VO allows the implementation of bistable electronic
and optical elemenis e.g. for memory and storage applications, We stndied this feature for our ion beam
synthesized VO, nanothermochromic gratings and find wide hystercsis Ioops for both directly synthesized and
selectively deactivated gratings. The obtained temperature dependencies of switching contrast defined in equation
{1} of 2 DS grating {DC = 0.66) and a SD grating (DC = 0.5) are plotted for increasing {tircles) and decreasing
(triangles) temperature and all three wavelengths studied in Fig. 5 (a.b) and (¢.d). respectively. In these plots
the transition temperature of bulk VO3 is marked by the dashed vertical line. The arrows in pancl (b} wark
*quantized” switching cvents which could arise from different. switching temperatures of different nanocluster
snb-cnserbles due to variations of the local strain fields or number of domains. For all samples studied the
pronounced hysteresis is asyrmetric with respect to Te. Most notably, supercooling of the MIT porsists down
close to room temperature to T = 30°C and T = 40 °C for the DS and SD gratings, respectively. These
observations arc also consistent with direct optical transmission experiments reported previously?” and the data
shown in Fig. 1.

For small incidence and positive detection angles (lower right part of plots) the detector Dlanks out the incident
beatts and no signal can be detected. The ssynnetry with respect 10 positive and negative detection angles arises from
imperfections ju the setup aligmnent for this two-angle geometry.
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Fignre §. (Color online) Thermal hvsteresis ~ Thermal hysteresis of 5 of the prineipal and secondary diffraction order for
DS grating with DC = 0.66 (a+b) and & SD grativg with DC = 0.5 {c+d) for the three wavelength studied. Intensities

are: norealized to the insulting phase and circles (triangles) correspond to increasing {decreasing) temperature scans. The
transition tenperature of bulk ervstals (Te: = 68 Q) is marked by dashed lines.

4. CONCLUSIONS

In sunimary, we realized nonothermochromie (VO, nanocrystal SiOz) composite diffraction gratings hy site se-
lective jon buplantation. We fabricated diffraction gratings by 1his standard sewniconductor fabrication techinique
which exhilit giant switching ratios of more than a factor of 3 for DS and exceeding one order of wagnitude for
SD gratings. OQur technique can be applied to realize a broad spectoum of diffractive planar optical elements e.g.

phase lenses or optical tnemory devices.
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