Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2018.

Supporting Information

for Adv. Funct. Mater., DOI: 10.1002/adfm.201806002

Exploiting In Situ Redox and Diffusion of Molybdenum to

Enable Thin-Film Circuitry for Low-Cost Wireless Energy
Harvesting

Youngbae Son and Rebecca L. Peterson*



WILEY-VCH

Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2016.
Supporting Information

Exploiting In Situ Redox and Diffusion of Molybdenum to Enable
Thin-Film Circuitry for Low-Cost Wireless Energy Harvesting

Youngbae Son and Rebecca L. Peterson*

Section S1. XPS analysis methods

The XPS curves were analyzed using CasaXPS software version 2.3.17PR1.1. The curve
energies were calibrated using the C Is peak at 284.5 eV as a reference, to account for charge
compensation. O 1s, Zn 2ps;, Sn 3dsp, and Mo 3d peaks were then analyzed by fitting the
measured data using Gaussian—Lorentzian curves with FWHM less than two, and a linear
background. For the O 1s core level, measured curves were deconvoluted into three Gaussian—
Lorentzian curves. The positions of the three deconvoluted peaks correspond to oxygen atoms in
the fully oxidized surroundings (M-0O), those in oxygen deficient regions (Vo), and those in H,O
and -OH groups (M-OH). These are located at 530.1 £ 0.1 eV, 531.1 £ 0.1 eV, and 532.1 £ 0.2
eV, respectively.!' ™ Peaks for loosely bound oxygen (M-OH) around 532 eV were only observed
at the surface (etch time = 0 s) and thus are not shown in Figure 2a. Next, Zn 2ps, and Sn 3ds;,
peaks were fitted using Gaussian-Lorentzian curves, centered at 1021.8 = 0.2 eV and 486.2 £ (.2
eV, respectively. Lastly, Mo 3d doublet core levels were also analyzed using six Gaussian-
Lorentzian curves with the following constraints: (a) the 3ds, to 3ds, ratio is 3:2 and (b) the
peaks which correspond to different oxidation state of Mo are located within the region listed in a

table below.” !

Binding energy (eV)
Mo®* Mo™* Mo Mo’
Mo 3ds), Mo 3ds), Mo 3ds), Mo 3ds,, Mo 3ds), Mo 3d3), Mo 3ds), Mo 3ds),
231.9+0.2 | 2348+0.1 | 2304+04 | 2334+03 | 2285+0.2 | 231.5+0.1 | 227.0+0.1 | 230.3+0.1
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After the core-level spectra analysis, the area under each XPS peak was calculated by
integration to estimate atomic compositions of Zn, Sn, M-O, Vo, M-OH, Mo®*, Mo’*, Mo*", and
Mo’. The conversion from area to atomic concentration was done using relative sensitivity

factors taken from CasaXPS kratos.lib, available online at http://www.casaxps.com/kratos/.
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Figure S1. (a) Cross-sectional dark-field STEM image and (b) SEM image of Mo/a-Zn-Sn-O
junction shown in Figure 2. The region where STEM image and EDS mapping shown in Figure
2c¢ were carried is marked with red dashed line in (a). While the sample in (a) was prepared by
the standard lift-out process using a focus ion beam system, the sample in (b) was prepared by
scribing the substrate. In (b), SEM was measured using an Hitachi SU8000 In-line FE-SEM at an
acceleration voltage of 2 kV. From both images, morphological differences in between layers are
shown, where MoOy layer exhibits smooth morphology compared to Zn-Sn-Mo-O layer. Both of
the images reveal that Zn-Sn-Mo-O layer and Zn-Sn-O layer together have thickness of ~180 nm,
which corresponds to depletion region thickness in Figure 1b.
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Figure S2. (a) Illustration of layers formed as a result of Zn-Sn-O solution process on top of Mo
metal, highlighting MoOx. (b) Standard Gibbs free energies (AG,.,°) for various Mo oxidation
routes during Zn-Sn-O deposition, including formation of MoOs Each reaction was normalized
to one oxygen atom to allow comparison of AG,,” values, which are shown as a function of
temperature in (b). (¢) AG,.,” values calculated at the annealing temperature for our solution
process, 520 °C (793 K), which is required for high quality Zn-Sn-O film formation. The

o

negative values of these AG,,,” indicate that thermodynamics favor the formation of a MoOx

layer with various oxidation states (both MoO, and MoOj3).
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Figure S3. (a) Schematic of Pd:a-Zn-Sn-O diode structure. The devices described in this figure
have d = 100 um, the same size as Mo V-TFD. (b) Half-wave rectifier measurement setup,
identical to Mo V-TFD shown in Figure 4a inset. (¢) | MHz AC peak-to-peak input voltage (Vi)
of 2.0 V and 3.0 V and corresponding DC output voltage (V). (d) Frequency response of Vi,
from 1 kHz to 15 MHz, showing no cut-off. (e) V,, measured for higher V;, of 3.5 V and 5.0 V
and (f) microscope images of the diode showing pinhole defect (a point shown in red circle)
when V;, = 5.0 V, caused by breakdown. Based on our observation of set-and-reset behavior after
breakdown (often observed in memristors), the breakdown mechanism was concluded to be
conductive filament formation by oxygen vacancy (Vo) migration within a-Zn-Sn-O, shown in
(g). (h) The decrease of V,,, over time. This is due to bias stress, which causes an increase in
leakage current, as shown in (i). In (i), the diode was repeatedly tested after applying -2 V across
the diode for 1000 s. The increase in leakage current is attributed to tunneling by oxygen

vacancies (Vo) accumulating near the Schottky interface, as illustrated in (j).
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Section S2. The effect of Zn-Sn-Mo-O layer on V-TFD on-current

Temperature varying J-J measurements were also performed for on-current at temperatures
from 100 to 340 K. The measured on-current follow straight lines when plotted as /n J vs. In V.
Such a power relationship between the on-current and voltage, ] < V™, indicates space-charge-
limited current (SCLC) conduction mechanism. When the material is trap-free, the J-V
relationship due to SCLC is ] = 9e,e,1,V?/8d3, known as Child’s law."™ When a material has

an exponential distribution of traps below the conduction band, the J-V relationship is modified to

J= chuo( 250 )l :;:f(l) , where f(I) = (l)l_l (L)l (ﬁ)lﬂ and [=kT/kT. More

2 qgtcth 2 +1 1+1

121 Using this

information about this charge transport mechanism can be found in the literature.!
equation, the measured on-current from 100 K to 340 K was fitted using u,= 0.5-1.5 cm*V''s™,
N.=6x10"cm?, & =15, g.= 6.6x10" cm>eV™!, kT,= 0.040 eV, d = 80 nm. The measured data
and the calculation shows good alignment across wide temperature range, as shown in Figure S4.
Thus, we attribute the on-current of our V-TFD to SCLC with an exponential distribution of traps.

The SCLC mechanism is widely used to explain charge transport in materials with low free

B-18] The dominance of this mechanism as opposed to general Schottky emission

carrier density.!
indicates that the Zn-Sn-Mo-O layer, due to its lower conductivity, leads to bulk transport when
the V-TFD is in the on-state. Within our Zn-Sn-Mo-O layer, Mo is doped into the Zn-Sn-O layer
as shown in Figure 2a. Previously, Mo diffusion into ZnO and SnO, layers has been reported.!"”
Il Those studies report that Mo was easily incorporated into ZnO and SnO, layers due to the
smaller ionic radius of Mo®" compared to those of Zn*" and Sn*", but in all cases, excess Mo
doping (> 2 at.%) led to conductivity loss in the ZnO and SnO; films. Such a reduction in

conductivity can lead to SCLC-based conduction.
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Figure S4. In addition to the temperature-dependent off-current shown in Figure 3b, the on-
current was also analyzed with temperature-varying electrical measurements. The symbols refer
to measured data, and the solid lines refer to the calculated results based on the SCLC model with
exponential tail states.
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Figure SS. J-J measurements obtained from a Mo vertical thin-film diode before and after it was
exposed to -6 V bias stress for 60,000 s, shown in Figure 3c. The change in J-V due to the stress
is marginal.
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Figure S6. For integration of the V-TFD and TFT described in Figure 5 and 6, we deposited five
layers of Zn-Sn-O instead of the seven layers used for the devices described in Figure 1 to 4.
Thus, J-V characteristics and BV of the five-layer devices were measured to confirm that the
Mo:a-Zn-Sn-O diode behavior was not significantly affected by the reduction in the number of
layers. (a) BV of 5-layer V-TFD is slightly lower (> 8 V) than that of 7-layer V-TFD (> 10 V),
but this BV range is still sufficient to harvest energy from commercial readers with 200 mW of
output power. (b) Cross-sectional SEM image obtained from a five layer Zn-Sn-O layer on top of
Mo. It shows similar features to the seven-layer case, with distinguishable MoOy and Zn-Sn-Mo-
O layers. The combined film thickness of Zn-Sn-Mo-O and Zn-Sn-O is ~150 nm. This thickness
was used as Lyrp in Equation (4) to calculate the cut-off frequency shown in Figure 5d.
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Figure S7. (a) Microscope image of a fabricated bottom-gate top-contact TFT. The device has
dimensions of 100 pm width (W), 3 um channel length (L), and 6 pm overlap length for source
and drain (OL). The size of the Zn-Sn-O island is 100 umx100 um. (b) Zoomed-in image of the
TFT measured in (c), showing L = 3 um. (c) Output characteristics of the TFT. The transfer
characteristics of the same TFT is shown in Figure 5b. (d) Microscope image of a vertical TFD
fabricated on the same substrate. The size of the top electrode is 100 umx100 pm. For
comparison, an image of a full-wave rectifier is shown in the inset of Figure 6a.
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Section S3. Evaluation of the maximum operating frequency

The maximum operating frequency (f;,) of a diode and a TFT can be evaluated by:***!

1
2nrsCh’

Im _ uVgs—Vve)
2m(Cgs+Cgq)  2mL(L+OL)’

fm,diode = and fm,TFT = (Sl)

Here r, and C, are the diode series resistance and capacitance at zero bias, g, is the
transconductance at a given Vy,. C,tCgq refers to the total gate capacitance, including overlap
capacitance, and L and OL refer to the channel length and overlap length. Both of these equations
can only evaluate operating frequency in a limited fashion, as they are based on small-signal
analysis. As shown in Figure 4b, the sinusoidal input voltage to be harvested by a rectifier can
range up to 10 V peak-to-peak. The values of r,, C», and g,, change dramatically with voltage.
However the above equations assume constant values for these parameters, so that the equations
are simplifications of the true switching behavior.

Another method commonly used to calculate operation frequency of a diode and a TFT is
based on carrier transit time (f;), which considers the time that it takes for an electron with
velocity v to transit from one electrode to the other, i.e. to traverse the carrier transit length, L.
This frequency is given by Equation (3). In this equation, V;, is the maximum input voltage
applied to the rectifier, and V,,, is the DC output voltage. Vi, — V,. is thus the voltage applied to
the rectifier to drive the drift of an electron. It is worth noting that the actual maximum frequency
can be lower than the calculated value of f; if the electron mobility is not accurately specified. In
TFTs, a minimum gate voltage (i.e. the threshold voltage) is required in order to accumulate
charge before electron transport occurs with the given mobility 5 cm®V™'s™. This voltage, V7, for
our TFT was calculated to be ~3 V, as shown in Figure 5b, but this parameter is not included in
Equation (3). In case of V-TFDs, we showed in Figure 2 that our V-TFD consists of two different
films, namely Zn-Sn-Mo-O and Zn-Sn-O. The carrier mobility within the Zn-Sn-Mo-O layer is
expected to be lower than the value of 5 cm*V™'s™ used for Zn-Sn-O, based on the following
evidence: (a) as noted earlier, the on-current of Mo V-TFDs was dominated by SCLC (Figure
S4), a transport mechanism for low-mobility materials;”'""'"! and (b) the value of Richardson
constant (4 *) extracted by fitting leakage current with Schottky emission (Figure 3b) was very
low, 0.74 Acm™ K72, compared to that obtained from Pd V-TFD,"?! 44 Acm™K™?. These values
indicate that the Zn-Sn-Mo-O layer likely has a low electron mobility, compared to a-Zn-Sn-O.

A potentially more accurate way to calculate the operating frequency of V-TFD and TFT is

based on large-signal analysis, as performed by Steudel, et al.**! and used by others.”> " In

9
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large signal analysis, the maximum frequency of a rectifier is determined by the speed at which
the charge consumed by DC output load (R;) during one AC cycle with frequency f. becomes
equal to the charge stored on the load capacitance (C;) via current flowing through the rectifier

during the fraction of the cycle when the charging diode is in forward bias. In other words,

V, 1 t
;_I:E = ftlz Irectifier dt, (S2)

where R, C; > }lcand Cp, > Crectifier-

The derivation of maximum operating frequency from Equation (S2) requires /-V equations
for the V-TFD and diode-connected TFT, as explained in the literature.**! Here, we fit the
measured on-current of each device shown in Figure 5c to the equations below in order to
calculate £, for that device. The measured on-current of V-TFD and that of diode-connected TFTs

were each fitted to the following equations:

_ 190 ngTFDVforwardz
Irpp = A 8L3 J (83)

representing the SCLC behavior of the V-TFD with a 0 V transition voltage, and

CoxW
ITFT = ”TFZ—L (Vforward)za (S4)

representing the saturation current of a diode-connected TFT with V7= 0 V. The fitting results
are shown as dotted lines in Figure 5c. The fits use uzep = 0.15 cm*V™'s™ and uzpr = 0.015 cm®V-
's!. The low mobility values compared to the Hall mobility are attributed to the presence of the
Zn-Sn-Mo-O layer and absence of the threshold voltage in the equations, respectively. The
resulting equations for £, rzp and f. 777 are given in Equation (4) and (5) and are plotted in Figure
5d.

The advantage of the large-signal model compared to the model based on carrier transit time
is that we can use an effective mobility based upon on-current measurements, without needing to
assume a bulk mobility from Hall measurements. Nonetheless, the large-signal calculation
method still has some limitations. First, it neglects the effect of reverse current, which can
discharge the load during the cycle time when the diode is off. Second, it assumes that the quasi-
static J-V curve applies at high frequencies. This might not hold true when frequency-dependent
charge transport such as hopping™ comes into play. Third, the effect of device capacitance is
neglected in the derivation. Despite these limitations, we think that this method is the most

accurate way to estimate the maximum frequency of operation for our full-wave rectifiers.

10
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Figure S8. Full-wave rectifier (FWR) measurements in wired configurations (a)-(c). The input
AC voltage was supplied by an HP 33120A function generator. Voltage measurement was done
using a Tektronix MS0O2024b oscilloscope. To ensure that Vac floats from the ground of the
load, an isolation transformer was used to power the function generator and isolate its ground
from the ground of the oscilloscope. (a) In order to confirm operation of full-wave rectifier, a 1
MQ load resistor was attached without a smoothing capacitor. For a peak-to-peak 3 V 1 kHz AC
signal (V,c), the voltage at the output node (V,,) has a period of 5x10™s, indicating rectification
of a full cycle. (b) The frequency response of a FWR measured by sweeping the frequency of the
function generator from 1 kHz to 15 MHz, while measuring DC V,,, across the load. To obtain
the DC output voltage, a smoothing capacitor of 1 uF was used, as shown in the inset. We notice
that V,, peaks at 7 MHz, which is attributed to resonance effects from parasitic inductances
within the printed circuit board (PCB). (¢) For a 13.56 MHz AC signal, the magnitude of input
voltage (V4c¢) is compared with the measured DC V.

11



WILEY-VCH

References

[1] K. K. Banger, Y. Yamashita, K. Mori, R. L. Peterson, T. Leedham, J. Rickard, H.
Sirringhaus, Nat. Mater. 2011, 10, 45.

[2] S.-J. Seo, Y. H. Hwang, B.-S. Bae, Electrochem. Solid-State Lett. 2010, 13, H357.

[3] C. Donley, D. Dunphy, D. Paine, C. Carter, K. Nebesny, P. Lee, D. Alloway, N. R.
Armstrong, Langmuir 2002, 18, 450.

[4] Y. Zhao, L. Duan, G. Dong, D. Zhang, J. Qiao, L. Wang, Y. Qiu, Langmuir 2013, 29,
151.

[5] M. T. Greiner, L. Chai, M. G. Helander, W.-M. Tang, Z.-H. Lu, Adv. Funct. Mater. 2013,
23,215.

[6] H. Simchi, B. E. McCandless, T. Meng, J. H. Boyle, W. N. Shafarman, J. Appl. Phys.
2013, 7114, 013503.

[7] M. Vasilopoulou, A. M. Douvas, D. G. Georgiadou, L. C. Palilis, S. Kennou, L. Sygellou,
A. Soultati, I. Kostis, G. Papadimitropoulos, D. Davazoglou, P. Argitis, J. Am. Chem. Soc. 2012,
134,16178.

[8] F.-C. Chiu, Adv. Mater. Sci. Eng. 2014, 2014, 1.

[9] A. Rose, Phys. Rev. 1955, 97, 1538.

[10] P.Mark, W. Helfrich, J. Appl. Phys. 1962, 33, 205.

[11] M. A. Lampert, Phys. Rev. 1956, 103, 1648.

[12] Y. Son, R. L. Peterson, Semicond. Sci. Technol. 2017, 32, 12LTO02.

[13] S. Ashok, A. Lester, S. J. Fonash, IEEE Electron Device Lett. 1980, 1, 200.

[14] D.Joung, A. Chunder, L. Zhai, S. I. Khondaker, Appl. Phys. Lett. 2010, 97, 093105.

[15] X. M. Shen, D. G. Zhao, Z. S. Liu, Z. F. Hu, H. Yang, J. W. Liang, Solid-State Electron.

2005, 49, 847.
12



WILEY-VCH

[16] F. Yakuphanoglu, N. Tugluoglu, S. Karadeniz, Phys. B Condens. Matter 2007, 392, 188.
[17] Y. Zheng, A. T. S. Wee, C. Troadec, N. Chandrasekhar, Appl. Phys. Lett. 2009, 95,
143303.

[18] P. de Bruyn, A. H. P. van Rest, G. A. H. Wetzelaer, D. M. de Leeuw, P. W. M. Blom,
Phys. Rev. Lett. 2013, 111, 186801.

[19] R.Swapna, M. C. Santhosh Kumar, J. Phys. Chem. Solids 2013, 74, 418.

[20]  G. Turgut, E. Sénmez, Superlattices Microstruct. 2014, 69, 175.

[21] X. Xiu, Z. Pang, M. Lv, Y. Dai, L. Ye, S. Han, Appl. Surf. Sci. 2007, 253, 3345.

[22] T. Kawamura, H. Wakana, K. Fujii, H. Ozaki, K. Watanabe, T. Yamazoe, H. Uchiyama,
K. Torii, IEEE Trans. Electron Devices 2012, 59, 3002.

[23] A. Chasin, M. Nag, A. Bhoolokam, K. Myny, S. Steudel, S. Schols, J. Genoe, G. Gielen,
P. Heremans, /[EEE Trans. Electron Devices 2013, 60, 3407.

[24] S. Steudel, K. Myny, V. Arkhipov, C. Deibel, S. De Vusser, J. Genoe, P. Heremans, Nat.
Mater. 2005, 4, 597.

[25] J. Semple, D. G. Georgiadou, G. Wyatt-Moon, G. Gelinck, T. D. Anthopoulos, Semicond.
Sci. Technol. 2017, 32, 123002.

[26] C.Kang, J. Wade, S. Yun, J. Lim, H. Cho, J. Roh, H. Lee, S. Nam, D. D. C. Bradley, J.-S.
Kim, C. Lee, Adv. Electron. Mater. 2016, 2, 1500282.

[27] T. M. Kraft, P. R. Berger, D. Lupo, Flex. Print. Electron. 2017, 2, 033001.

[28] S. Yu, R. Jeyasingh, Y. Wu, H.-S. Philip Wong, Appl. Phys. Lett. 2011, 99, 232105.

13



