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Defect Density of States of Tin Oxide and Copper Oxide

p-type Thin-film Transistors

Mans J. Mattsson, Kham M. Niang, Jared Parker, David |. Meeth, John F. Wager,

Andrew . Flewitt,* and Matt W. Graham™*

The complete subgap defect density of states (DoS) is measured using the
ultrabroadband (0.15 to 3.5 eV) photoconduction response from p-type
thin-film transistors (TFTs) of tin oxide, SnO, and copper oxide, Cu,O. The
resulting TFT photoconduction spectra clearly resolve bandgaps that show
the presence of interfacial and oxidized minority phases. In tin oxide, the SnO
majority phase has a small 0.68 eV bandgap enabling ambipolar or p-mode
TFT operation. By contrast, in copper oxide TFTs, an oxidized minority phase
with a 1.4 eV bandgap corresponding to CuO greatly reduces the channel hole
mobility at the charge accumulation region. Three distinct subgap DoS peaks
are resolved for the copper oxide TFT and are best ascribed to copper
vacancies, oxygen-on-copper antisites, and oxygen interstitials. For tin oxide
TFTs, five subgap DoS peaks are observed and are similarly linked to tin
vacancies, oxygen vacancies, and oxygen interstitials. To achieve desirable
unipolar p-mode TFTs, the conduction band-edge defect density of oxygen
interstitials must be sufficiently large to suppress n-mode conduction.

In both channel materials, the metal vacancy peak densities near the

valence band edge determine the hole concentrations, which then

predict the TFT Fermi level energy, observed on-off ratios, and threshold

1. Introduction

Reliable p-type metal oxide materials
remain elusive despite the widespread
adoption of n-type metal oxide thin-
film transistors (TFT5s) for applications
such as display panels. Several funda-
mental and practical barriers prevent p-
type TFTs from achieving the same high
mobility and low leakage currents that
are now celebrated in n-type materials
such as amorphous indium gallium zinc
oxide (a-IGZO).'*] Most metal oxide
semiconductors are inherently oxygen-
deficient and thus n-type. Even at large
gate voltages, p-type behavior is dif
ficult to achieve due to the deleteri-
ous effects of very large Urbach en-
ergies (E; = 90-120 meV), with cor-
respondingly large hole trap densities.
To show how subgap defect states en-
able successful p-mode operation in

voltages.
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metal oxide TFTs, this work measures

the subgap integrated trap density us-

ing the ultrabroadband photoconductive

density of states (UP-DoS) method.>*]

Over the past decade, many p-type

metal oxide semiconductors have been

suggested, including NiO, TeO,, CuO, and different types of

spinel oxides.”"1% Two of the most promising active channel ma-

terial candidates for p-mode oxide TFTs are tin and copper oxide

with a typical hole mobility of 1-2 cm? V= s~! and reported on-

to-off ratios of ~#10° — 10°. (1-13] While considerable improve-

ment of p-type TFTs is anticipated, p-type TFT device proper-

ties are not yet commensurate with typical n-mode metal oxide

TFTs that now have mobilities >10 cm? V-1 s7! and on-to-off ra-

tios approaching 10'2.1415] The discovery of more viable metal

oxide p-type TFTs remains critical for beyond-silicon comple-

mentary metal oxide semiconductor (CMOS) needed for conven-

tional von Neumann computing architectures. Likewise, emerg-

ing neuromorphic computer architectures and memory tech-

nologies seek to exploit the metal and oxygen vacancy defects in
p-type TFTs.[1617]

One necessary condition for robust p-mode TFT operation is
sharp valence band tail states with small Urbach energies. In
metal oxides, such small tail energies at valence band maximum
are rare owing to an overwhelmingly large anionic disorder cre-
ated by oxygen 2p-orbital interactions. In addition to the large
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effective mass of the asymmetric 2p-orbitals limiting mobility,
the resulting broad valence band maximum Urbach tails lead to
a high concentration of localized tail states, which act as hole
traps. 1811 Unusual for metal oxides, orbital theory in tin and
copper oxide predicts that the valence band maximum band-edge
states may have strong Sn-5s and Cu-3d orbital character that
may compete with oxygen-2p disorder to form the highest occu-
pied molecular orbital.[?*?! The diffuse and symmetric orbitals
of the Sn-5s and Cu-3d contributions further help explain the
higher mobilities and smaller hole effective mass reported in the
literature.[1220.22.23]

Electronic structure and density functional theory (DFT) sim-
ulations widely attribute metal vacancies as the origin of pref-
erential effective p-type doping of tin oxide and copper oxide
TFTs.[2428] There is considerable disagreement between differ-
ent DFT studies on the exact structure and metal vacancy place-
ment within the subgap relative to the many other significant
defect peaks predicted.l>*28] Previous experimental studies use
field-effect conductance or CV-methods, and provide valuable in-
sight on the near band regions only.>!) Instead, the UP-DoS$S
method uses scanning laser microscopy over a tunable hv =
0.15 to 3.5 eV range to obtain a photoconduction (PC) spectrum
proportional to the total integrated trap density, and thereby ob-
tain the subgap defect density of states (DoS) for tin and copper
oxide TFTs.

2. Results and Discussion

Figure 1a shows the cross-section of tin and copper oxide TFTs
with their associated photoconduction (PC) microscopy map
in the lower panel. The measured transfer curves (W/L = 10,
Vsp =1 V) shown in Figure 1b of tin oxide and copper oxide TFTs
both show characteristic p-mode behavior with a negative gate
voltage turn-on and ~10° and ~10* on-to-off ratios, respectively.
Clockwise hysteresis due to hole trapping and re-emission is pro-
nounced for both types of TFTs. Figure 1c presents indirect Tauc-
like plots of normalized TFT photoconductance [(L,,mhv)'/? ver-
sus hv] that are shown as solid lines. For tin oxide, the estimated
indirect bandgap is equal to 0.68 eV, corresponding to SnO, in
good agreement with reported values for SnO of 0.70-0.75 eV.
(32331 For copper oxide, the estimated indirect bandgap is found
to be 1.4 eV, corresponding to CuO. Also shown in Figure 1c are
direct gap Tauc plots [(ahv)? versus hv] from thin-film absorp-
tion data (dashed lines). A direct bandgap of 2.9 eV is found for
tin oxide, corresponding to SnO, while a direct bandgap of 2.4
eV is estimated for copper oxide, consistent with Cu,O. Table 1
summarizes the bandgaps retrieved from photoconduction and
absorption measurements, along with their comparisons of DFT
calculated values reported in the literature.

Figure 1d shows a comparison of absorption (black) and pho-
toconductance (blue for tin oxide; green for copper oxide). Abrupt
thresholds in which absorption increases while photoconduc-
tance decreases of 3.5 eV for tin oxide and 2.4 eV for copper oxide
provide strong evidence for the presence of SnO, and Cu,0, re-
spectively. The inset of Figure 1d further shows the total raw pho-
toconductance spectrum drops off by a factor of 10° for tin oxide
and 107 for copper oxide, as subgap defect states are photoexcited
below the respective indirect bandgaps of SnO and CuO.
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Taken together, Figure 1c,d provide strong evidence that both
the tin oxide and copper oxide thin-films are mixed-phase sys-
tems corresponding to SnO & SnO, and CuO & Cu,O, respec-
tively. Since XRD characterization shows no evidence of SnO,
and CuO in these thin-films, we conclude that CuO and SnO,
are minority phases compared to Cu,O and SnO.3* For copper
oxide, the measured Hall mobility (uy,; = 20 cm?Vs™!) is consis-
tent with Cu,O while the measured field-effect mobility (up =
0.1 cm?Vs™!) is most likely due to CuO. Similar mobility prop-
erties have been widely reported in the literature. (13 As TFT
photoconductance is primarily sensitive to the charge accumu-
lation layer, this supports that the Cu,O-SiO, (semiconductor-
dielectric) interface is heavily oxidized to CuO. [#4] [4]

2.1. Ambipolar SnO Subgap DoS

Figure 2a plots the ambipolar SnO TFT transfer curve, and de-
lineates the p-mode and n-mode conduction region where the
UP-DoS spectra are taken. The SnO bandgap is identified in
Figure 2b by applying Tauc scaling to the raw I (hv) signal.
The extracted bandgap of E, = 0.68 eV is in good agreement with
previously reported 0.70-0.75 eV SnO bandgaps.[**33] Figure 2c
(upper panel) plots the integrated trap density, N, (hv), for p-mode
(blue line, V, = —20 V) and n-mode (orange line, V; = 27 V)
operation. N, (hv) is directly proportional to measured TFT pho-
toconductance, and the subgap region consists of a sequence of
step-wise features, where each step corresponds to a Gaussian
peak in the subgap DoS shown by the dashed lines connected to
the lower panel. Each subgap step in N, ,(hv) is analytically fit to
an error function (erf, solid line). The above-bandgap response is
fit to an indirect absorption lineshape function (dashed lines) ac-
counting for valence band to conduction band transitions. Note
that plotting both the p-mode and n-mode signal on the same
energy axis requires that the n-mode energy axis be shifted by E,,

+ E,, = —(Ec — E,, — E,), where E, + E,, is the energy-axis of
p-mode (VBM = 0), and E. — E,, is the energy axis of n-mode
(CBM = 0).

Figure 2c (lower panel) plots the SnO subgap DoS across the
full bandgap. This is quite extraordinary since all prior UP-DoS
measurements were conducted using unipolar semiconductors,
where measuring the critical subgap states within a few k, T to the
active band edge was not possible. Note that the DoS shown in
the lower panel of Figure 2c is obtained by differentiating upper
panel data, i.e., DoS = e DM Since each step in the N, data is fit

to an erf, each N, step ylelds a corresponding Gaussian in the
DoS plot. The use of error function fitting prior to differentiating
significantly improves the DoS signal-to-noise ratio compared to
simple point-by-point numerical differentiation of the raw N,
data. Table 2 summarizes the parameters of each subgap DoS
peak, numbered 1-5.

The identities of SnO subgap peaks 1-5 in Figure 2c are as-
cribed by comparison to the DFT calculations of Varley et al.l*®)
Subgap peaks in SnO are assigned as: 1. tin vacancy + hydro-
gen defect (Vg, + H, acceptor), 2. tin vacancy (Vj,, acceptor),
3. oxygen vacancy (V,, donor), 4. hydrogen on an oxygen site
(Ho, donor) and 5. oxygen interstitial (O;, acceptor). While the
tin and oxygen vacancy peaks are expected, peaks 1 and 5 require
more discussion.
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Figure 1. a) (top) TFT layer cross-section sketched with the basic UP-DoS measurement setup shown. (bottom) Copper oxide TFT reflection and pho-
toconductance (PC) spatial maps for hv = 1.1 eV. b) TFT transfer curves of tin (blue) and copper (green) oxide. c) Solid lines show normalized TFT PC
plotted with Tauc-like scaling [(/,,o,mhv)'/?] yielding an indirect bandgap of 0.68 eV corresponding to SnO and 1.4 eV corresponding to CuO. Dashed

lines plot the Tauc absorption spectra scaled as [(ahv)?] tio show a direct bandgap of 2.9 eV corresponding to SnO, and

2.4 eV corresponding to Cu,O.

d) At the labeled SnO, and Cu,O direct bandgaps, the absorption spectrum (black) rises, while the PC-spectrum (blue/green) falls. (inset) The same

TFT PC-spectra plotted on a logarithmic scale.
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Table 1. Measured (see Figure Tc; Figure S1, Supporting Information)
and literature bandgaps for tin and copper oxide TFTs. T Direct-bandgap,
*Indirect-bandgap transition too weak to optically resolve.

Absorbance Photoconduction Literature
£ [eV] EUPDS [ev] E, [eV]
SnO indirect™ 0.68 0.70-0.75 13233
Sno* 29 2.9 2.8-3.0 34
Sno, 3.6 35 3.5-3.7 3335
CuO indirect* 1.4 1.5 3]
Cu,O" 2.4 2.4 2.0-2.6 3637]

Figure 2c shows peak 1 is observedin both n- and p-mode
UP-DoS measurements at a photon energy 0.02 eV above the
bandgap. Thus, in principle, peak 1 could be positioned 0.02 eV
below E,, or above E.. Since peak 1 is observed to have the largest
density of all peaks, it is assigned to the defect with the lowest
formation energy, Vi, +H located at the VB edge, as identified by
Varley et al.

Varley et al. simulate a hydrogen interstitial donor defect
with transition energy of ~0.6 eV from the valence band
maximum,®! which could potentially correspond to peak 5 mea-
suredat 0.66 eV in Figure 3b. However, from charge balance con-
siderations, peak 5 needs to be a neutral acceptor rather than a
positively charged ionized donor. Therefore, we propose an oxy-
gen interstitial O, acceptor as an alternative identification for this
peak. While DFT studies calculate a low formation energy for this

www.advelectronicmat.de

defect, they also predict a transition energy above the bandgap
rather than near the conduction band minimum. [242:3846] Ag a
consequence of the SnO lattice coplanar layered structure, oxy-
gen interstitials are suspected to be abundant at the oxidized in-
terface between SnO and SnO,. [4647]

2.2. P-Type SnO Subgap DoS

Figure 3 shows the evolution of the SnO subgap DoS from p-
mode to ambipolar TFT behavior. Figure 3a shows three SnO TFT
transfer curves (W/L = 10, V,, = 1 V) classified as p-type (black),
weak-ambipolar (250 °C annealed, purple), and strong-ambipolar
(350 °C annealed, blue). The corresponding integrated trap den-
sities, N,,, are shown in Figure 3b (upper panel). Using orange
circles, just one example of a n-mode N, spectrum is plotted in
Figure 3b (upper panel) corresponding to the most clearly am-
bipolar TFT in 3a (blue). Indicated by the vertical dashed lines,
Figure 3b (upper panel) shows five subgap steps labeled 1-5 that
correspond to Gaussian DoS peaks shown in Figure 3b (lower
panel). The peaks observed and their identifications match those
previously discussed in Figure 2.

The lower panel of Figure 3b further shows that as SnO
changes with annealing conditions from p-type to ambipolar
behavior, a corresponding decrease in subgap defect density
is observed. The significant enhancement in n-mode behav-
ior with annealing that is observed in Figure 3a is attributed
primarily to a decrease of the defect peak located just below
the conduction band minimum, identified as O,. Note that for
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Figure 2. Ambipolar tin oxide subgap DoS a) TFT transfer curve of ambipolar SnO (W/L = 100) at Vsp = 1V for p-mode (blue) and n-mode (orange)
operation. b) Tauc scaling of the photoconduction taken in n-mode (orange) and p-mode (blue) showing a SnO bandgap of 0.68 eV. c) Upper panel
plots the SnO integrated trap density, N,,,, measured at p-mode and n-mode TFT gate voltages. Lower panel plots the corresponding DoS of SnO that
reveals five numbered subgap peaks with suggested defect assignments according to Table 2.
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Table 2. Estimated subgap DoS parameters from UP-DoS measurements of the ambipolar SnO TFT plotted in Figure 2c are compared to DFT calculated
values by Varley et al. [38] The UP-DoS results and DFT show good agreement both in terms of defect prevalence and energetic position.

DoS Assigned Peak Energy FWHM Peak DoS x 107 DFT Formation DFT Peak
Peak Defect [eV] [meV] [em™3ev~T] Energy!®%] [eV] Energy38] [eV]
1 Vg, +H -0.02 25 120.6 0.6 0.07

2 Ven 0.06 46 13.3 1.5 0.13

3 Vo 0.25 21 3.2 1.4 0.24

4 Ho 0.45 16 2.7 12 0.60

5 O, 0.66 63 39.2 1.1 >0.7

i

n-mode operation, O, behaves as an electron trap.[*®! To achieve
unipolar p-type SnO TFT operation with low off current, sim-
ilar to the black curve of 3a, [O,] should be sufficiently large
to suppress the undesired n-mode behavior. Accordingly, high
on-to-off ratios of 10° for unipolar p-type TFTs are observed
only when the conduction band-edge oxygen interstitial de-
fect density is large enough to suppress off-current n-mode
conduction.

To further connect device performance characteristics with ex-
perimental peak defect DoS, the Fermi level energy and observed
threshold voltage are simulated from first-principles in Exper-
imental Section 4 using charge balance and the discrete trap
model. Figure 3c presents a simulation of the Fermi level energy
together with the p- and n-mode threshold voltages as a function

of [V, +H]. The dashed vertical lines indicate the measured de-
fect density of each TFT, whereas the horizontal dashed arrows
are visual aids to guide each simulated parameter to the correct
y-axis. When [V, +H] > 2107 cm™ (as observed for all three
TFTs), the simulation shows that [V, +H] controls the Fermi en-
ergy, and consequently the threshold voltage, whereas to a good
approximation p =~ [Vg,+H]. Furthermore, Figure 3c shows that
when [Vg, + H] < ~10® cm~3, both n- and p-mode threshold
voltages are easily accessible, enabling ambipolar TFT behavior.
Additionally, by using the relationship shown in Figure 3¢, it is
possible to accurately estimate the defect density, [V, +H], and
the Fermi level energy, Ep, based solely of the threshold voltage
of a device (see Section S2, Supporting Information for specific
details).
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Figure 3. p-type SnO Subgap DoS a) SnO TFT (W/L =10, Vp = 1V) transfer curves show unipolar p-type TFT behavior with no post-deposition anneal
(black), and increasing ambipolar TFT behavior after annealing at 250 °C (purple) and 350 °C (blue). b) Experimental integrated trap density N,,, (upper
panel) and subgap DoS (lower panel). c) As the concentration of peak 1, [Vs,+H], increases, the simulated equilibrium Fermi level energy, E¢ (green),
moves toward the valence band and the threshold voltage (blue and orange) shifts positively for both p-mode and n-mode behavior, respectively.
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Figure 4. SnO Subgap Trap Density Oxidation. a) SnO TFT (Vsp = 1V, W/L = 100) transfer curve shift with time, from 0-months (black), 9-months
(green) to 10-months (cyan) in vacuum storage b) The integrated trap density N,,, (upper panel) measured by UP-DoS and corresponding subgap DoS
(lower panel) at three vacuum storage times. c) Simulated Fermi level energy, Ef, and threshold voltage, V7, reveals that the valence band Urbach energy,

Ey, increases with time.

2.3. SnO TFT DoS Stability Study

SnO TFT properties change after 0-, 9-, and 10-months of vac-
uum storage, with a 1-week exposure to lab atmosphere intro-
duced between months 9 and 10. As indicated in Figure 4a, the
threshold voltage exhibits a large positive shift from 1 V (black),
to 3 V (blue), and finally to 8 V (red). Furthermore, the off cur-
rent further increased dramatically from ~0.01 pA at 9-months
to &1 A at 10-months. Similarly, with increasing time Figure 4b
shows a substantial increase in the measured N,, (upper panel)
with a corresponding increase of subgap DoS (lower panel). After
10 months, the resulting large increase in the subgap DoS near
Peaks 1 suggests the TFT has become so strongly p-type doped
that turn-off is unfeasible, as seen in the associated transfer red
curve shown in Figure 4a.

Figure 4c plots the simulated Fermi level energy and p-mode
threshold voltage as a function of increasing density of tin-
vacancy related states, [V, +H]. Previously, in the Figure 3c simu-
lation, the valence band Urbach energy extracted was constant at
E, ~4 meV accurately simulating the three different TFT pro-
cessing conditions. However, the extracted Urbach energy in-
creases in Figure 4c with the subgap density from E; ~ 4 meV
at 0 months to E;; ~# 13 meV at 9 months, and finally to E; 20
meV after 10 months of vacuum storage.

Since the valence band Urbach energy is a measure of disor-
der on the anion sublattice, it is reasonable that there may be
some correlation between certain subgap peaks and valence band
tail states. The observed increase in [V, +H] with increasing vac-

Adv. Electron. Mater. 2025, 2400929 2400929 (6 of 12)

uum storage time is likely associated with the oxidative process,
SnO — SnO, since this process is known to be associated with
tin vacancy formation.[*>>°l However, it is also possible that hy-
drogen incorporation or diffusion could also play a role in SnO
TFT degradation.

2.4. Copper Oxide Subgap DoS

The copper oxide TFT transfer curve is unipolar p-type with a 10*
turn-on, as shown previously in Figure 1b. Figure 5 presents the
associated subgap integrated trap density, N,, in the top panel,
and density of states, DoS in the bottom panel. Three N, clear
steps labeled 1-3 are indicated in Figure 5 and correspond to
threeGaussian DoS peaks positioned at 0.20, 0.64, and 1.00 eV
above the valence band maximum. Proposed defect identifica-
tions for these three peaks are labeled in Figure 5 and summa-
rized in Table 3.

Proposed peak identifications of the three copper oxide peaks
measured are based on DFT calculations by Zivkovi¢ and de
Leeuw, or by Scanlon et al., for CuO or Cu,O defect site and for-
mation energies.[??8] The measured 0.20 eV peak is identified as
a copper vacancy acceptor, V., comparable to the 0.17 eV value
estimate for CuO or the 0.23 eV estimate for Cu,O. The mea-
sured 0.64 eV peak is ascribed to an oxygen-on-copper antisite
defect, O, similar to the calculated value of 0.49 eV on the CuO
sublattice.[?’! Finally, the peak measured at 1.00 eV is ascribed
to an oxygen interstitial, O,, since both phases are calculated to
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Figure 5. Copper oxide TFT integrated trap density, N,,;, (upper panel) and density of states, DoS, (lower panel). The above-bandgap UP-DoS response
is fit to indirect transition lineshapes (dashed), while the below-bandgap response displays three clear steps that are fit to error functions. The DoS
plot reveals three subgap peaks with suggested defect identifications, as summarized in Table 3. (inset) Band alignment diagram for the mixed-phase

system.

have O, point defects in this portion of the bandgap with pre-
dicted ionization energies of 1.14 eV and 1.08 eV for CuO and
Cu, 0, respectively.?”-28] Note that the O; defect in copper oxide,
as shown in Figure 5, has a similar relative Gaussian width and
position within the subgap as the O, defect in tin oxide, as shown
in Figure 2.

Similar to tin oxide, the measured copper oxide subgap DoS
is used to estimate the Fermi level energy and valence band Ur-
bach energy to be E; = 260 meV and E; = 3 meV, respectively.
Then, from charge balance, the copper oxide equilibrium hole
concentration is estimated to be p = 2 X 10'®cm™3, which is ap-
proximately equal to the copper vacancy concentration p =~ [V,].

Recall from Figure 1c that the indirect bandgap of copper
oxide was estimated to be 1.4 eV, equal to that of CuO based
on a linear-regression fit to a Tauc-like plot of normalized pho-
toconductance. However, note that this indirect bandgap es-
timate is based on ignoring a weaker subgap absorption re-
sponse with a lower-energy threshold of ~ 1.1 eV (see Figure 1c).
If this weaker subgap absorption response is taken into ac-
count, as indicated in Figure 5, it can only be included as
an above-bandgap feature (in which the DoS is given by a
quadratic function of energy), rather than a below-bandgap fea-
ture (in which the DoS is described by a Gaussian function
of energy). This suggests that the indirect bandgap of copper

Table 3. Estimated subgap DoS peak parameters from UP-DoS measurements of the copper oxide TFT plotted in Figure 5. Experimental results are
compared to DFT calculated values by Zivkovi¢ and de Leeuw. [27] The UP-DoS results and DFT show excellent agreement both in terms of relative defect

prevalence and defect peak energy.

DoS Assigned Peak Energy FWHM Peak DoS x 1017 DFT Formation DFT Peak
Peak Defect [eV] [meV] [em~3ev-T] Energyl?’] [eV] Energy(?’] [eV]
1 Ve, 0.20 50 16 10 0.17

2 Oc, 0.64 48 40 05 0.49

3 (@) 1.00 99 210 0.3 1.14

i
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Figure 6. a) Transfer curves of unpassivated and passivated copper oxide TFTs at Vsp = 1V (W/L = 10). b) Band diagrams illustrate the strong back-
channel band bending expected in the unpassivated device at equilibrium. c) DoS (dashed lines, left axis) and integrated trap density (solid lines, right

axis) of the unpassivated and passivated copper oxide TFT.

oxide is actually equal to 1.1 eV rather than 1.4 eV, as expected
for CuO.

How do we rationalize the physics of this 1.1 eV lower-energy
threshold since it appears to be inconsistent with both CuO
and Cu,0? We propose that this 1.1 eV lower-energy threshold
is a mixed-phase transition involving real-space electron trans-
fer in which a filled initial electronic state at the Cu,O valence
band maximum is excited into an empty final electronic state at
the CuO conduction band minimum. Such a process is accom-
plished by real-space electron transfer from the Cu,O (filled) ini-
tial state into the CuO (empty) final state and is labeled in Figure 5
as a Cu,0-CuO (mixed phase) transition. Khoo et al. estimate the
energy difference from the Cu,O valence band to the CuO con-

Adv. Electron. Mater. 2025, 2400929 2400929 (8 of 12)

duction band to be 1.09 eV, in good agreement with our observed
1.1 eV threshold energy.*®! Figure 5 inset shows the estimated
energy band alignment for the mixed-phase copper oxide.

2.5. Unpassivated and Passivated Copper Oxide Subgap DoS

While all TFTs previously discussed have been passivated with a
20 nm layer of aluminum oxide, Figure 6a compares the trans-
fer curves of copper oxide TFTs when the back-channel is passi-
vated (green) or unpassivated (blue). The unpassivated device has
a high-off current and no clear turn-off voltage. Figure 6b illus-
trates energy band diagrams showing the existence of a backside

© 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advelectronicmat.de

ADVANCED
SCIENCE NEWS

DVANCED
CT ONIC
M ATERIALS

www.advancedsciencenews.com

accumulation layer responsible for the poor performance exhib-
ited by the unpassivated TFT. In contrast, passivation eliminates
the back-side accumulation layer and its deleterious effect on TFT
performance. Figure 6¢ presents a comparison of N,., and DoS
for an unpassivated and passivated copper oxide TFT. Consistent
with prior studies, the degraded performance of the unpassivated
TFT appears to correlate with the enhanced defect DoS across the
entire subgap.>! This result suggests that an increase in charged
copper vacancies at the backside may be responsible for the for-
mation of this additional accumulation layer.

2.6. Defect Peak Validation using Recombination Lifetimes in
P-Type TFTs

In tin and copper oxide TFTs, Tables 1-3 summarize how lit-
erature DFT that predict relative defect abundance and ener-
gies, closely match the UP-DoS measured bandgaps, defect peak
energies, and relative peak amplitude trends. For experimen-
tal validation of UP-DoS peak identity, prior studies on a-IGZO
TFTs assign DoS peaks using TFT photoconduction fall times
that change abruptly for oxygen versus metal vacancy subgap
excitations.l! Similarly, in both copper oxide (left panel) and
ambipolar tin oxide (right panel) TFTs, Figure 7a shows the
exponentially-fitted p-mode photoconduction fall time (z,) de-
creases with increasing incident photon energy. In copper oxide,
Figure 7b shows the extracted 7, (open circles) times are anti-
correlated with overlaid integrated trap density N, (green cir-
cles, right axis). Specifically, the fall times decrease abruptly with
each successive V,, O¢,, and O, subgap Gaussian defect peaks
labeled. Collectively, with increasing photon energy, the fall times
show a stepwise decrease as each new defect peak becomes opti-
cally accessible.

Figure 7c plots TFT fall times in SnO ambipolar TFTs that also
decrease with increasing incident photon energy for p-mode TFT
operation. Overlaid is the measured respective dominant subgap
states photo-excited for p-mode (blue) and n-mode (orange) oper-
ation. The fall times are observed to evolve successively for each
peak in the overlaid DoS, independently matching the UP-DoS
subgap peak progression. Importantly, near hv = 0.7 eV, both n-
and p-mode fall times merge to match at 7, ,, ~ 280 ps, suggest-
ing both photoexcitations are dominated by relaxation from the
same band-edge defect site ascribed to the Vg, +H acceptor DoS
band-edge peak.

To further explore the midgap region of SnO, tunable laser ex-
citations down to 0.5 eV show extracted fall time 7, increases ten-
fold to 2.5 ms for p-mode gate voltages. Prior UP-DoS fall time
studies demonstrate that charge-neutral defect states have inher-
ently longer fall times than ionized defects due to the weaker
Coulombic interaction mediating recombination.>! Such p-mode
mid-gap photoexcitations in SnO suggest that empty deep donors
photoexcitation proceeds as V + hv — V,, ° + h* to create a neu-
tral filled donor. Consequently, the rapidly changing TFT fall
times in SnO independently support the Table 2 identification
of peaks 3—4 as donors and peaks 1 and 5 as acceptor states.
By contrast, for copper oxide, the 7b fall times only increase by
~2 X, implying all subgap defects are of a similar nature, in
agreement with Table 3, which suggests all subgap peaks aare all
acceptor-like.
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Figure 7. a) Copper (left) and tin (right) oxide transient photoconduction
curves. b) Copper oxide TFT fall times (blue) decrease as the subgap trap
density, N,,; (right axis) increases with photon energy. c) Tin oxide TFT
photoconduction fall times for n-mode operation (orange) and p-mode
operation (blue) change abruptly as each successive overlaid DoS peak
becomes optically accessible.

With the aid of recombination lifetimes, the UP-DoS method
provides the full TFT subgap DoS with peak identity character-
ization. In contrast, established methods on the tin and copper
oxide primarily characterize band-edges by CV,?°! and elemental
analysis by x-ray photoelectron spectroscopy (XPS),[***7 and elec-
tron energy loss spectroscopy!?°>3! (see Section S5, Supporting
Information). Recently, a XPS study shows tin oxide has a sur-
plus of elemental oxygen that they similarly ascribed to prevalent
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oxygen interstitial defects.[*’] Such emerging independent stud-
ies strongly agree with our tin oxide UP-DoS analysis that further
shows this oxygen interstitial defect density critically determines
when TFTs transition from ambipolar to the desirable unipolar
p-type metal oxide TFT behavior.

3. Conclusion

Tin oxide and copper oxide constitute two possible material
strategies for realizing p-type oxide TFTs. For each TFT, the sub-
gap integrated trap density is measured over a tunable hv = 0.15
— 3.5 eV laser excitation range using the ultrabroadband photo-
conduction DoS (UP-DoS) technique.>*>* The below-gap pho-
toconductivity drops off by ~#10° in tin oxide and 10 in copper
oxide and indicates how the corresponding SnO and CuO mate-
rial phases drive p-type conductivity in each TFT.

Measuring subgap integrated traps in n-mode and p-mode
for ambipolar TFTs provides two complimentary DoS spectra
that fully span the subgap. In tin oxide, the resulting subgap
DoS shows five subgap peaks assigned as: tin vacancies (Vg,
and Vg, + H), oxygen vacancies in the midgap (V,, and H,), and
oxygen interstitial sites. The broad oxygen interstitial peak adja-
cent to the CB-edge suppresses n-mode conduction to achieve
the desired unipolar p-mode TFT behavior with low off cur-
rent. The near VB-edge tin vacancy Vi,+ H peak determines
the TFT equilibrium Fermi level energy and p-doping, such that
p ~[Vs, + H]. By using the measured subgap DoS together with
detailed charge balance and the discrete trap model, a framework
is created where the defect concentration, [V, +H], and the Fermi
level energy is accurately estimated solely from the threshold volt-
age of the device.

For p-type copper oxide TFTs, the subgap DoS shows just three
subgap peaks assigned as: copper vacancies near the VB-edge,
oxygen-on-copper antisites in the mid-gap, and oxygen intersti-
tial sites near the CB-edge. Similar to the tin oxide case, the metal
vacancy peak, V,, determines the TFT p-doping, such that p ~
[Vcu]- The copper oxide thin-film growth that was employed tends
to favor the formation of Cu,O, a wider bandgap p-type semi-
conductor with some inadvertent incorporation of CuO, a narrow
bandgap p-type semiconductor with a poor mobility. Even though
the oxidized CuO is likely only prevalent near the semiconductor-
dielectric interface, its lower bandgap is likely responsible for the
low field-effect mobility in the copper oxide TFTs. Careful consid-
eration of the observed CuO-Cu,O heterojunction interface may
also be central to improving p-type TFT performance. Nonethe-
less, synthesis of a phase-pure Cu,O thin-film appears to be a
challenging but desirable goal.

4. Experimental Section

Preparation of P-Type TFTs:
upon methodologies developed for tin oxide and copper oxide TFTs.
Bottom gate, top contact TFTs were fabricated with a thermally-grown SiO,
(thickness, t = 200 nm) as the gate dielectric and heavily-doped p-type Si
(100) substrate as the gate electrode. Thermally evaporated gold (t = 100
nm) was used as the source and drain contacts. The channel layer and
the contacts were patterned by photolithography with either lift-off or wet
etching method. Unless otherwise stated, the back channel was passivated
with Al, O3 (t =20 nm) by atomic layer deposition (ALD) in all devices. For

Each TFT fabrication approach was based
[39,40]
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awidth-to-length ratio (W/L) of 10, the TFTs reported have a channel width
and length of 1000 um and 100 pm.

The SnO channel layer was deposited by ALD using Sn(ll) bis-(tert-
butoxide) and water at a substrate temperature of 170 °C. By varying SnO
thickness and process conditions, TFTs exhibit either depletion mode (for
TFTs, D1 and D2) or enhancement modes (E1 and E2), as shown in Table
S2 (Supporting Information). TFTs incorporating a thicker SnO layer are
expected to have a high carrier concentration (D1 and D2), therefore the
device operates in depletion mode and the current conduction (mobil-
ity) depends on the annealing temperatures. On the other hand, devices
E1 and E2 incorporate a more resistive and thinner SnO layer, thus re-
quiring two annealing steps. Even though the ug was similar, E2 with a
higher TFT annealing temperature exhibits ambipolar properties, while E1
with a lower TFT annealing temperature exhibits predominantly p-type
characteristics.

The Cu,O channel layer (t = 260 nm) was deposited in a high target
utilization sputtering system from a metallic target. A post-deposition an-
nealing was performed at 700 °C after the channel patterning. The unpas-
sivated Cu,O TFT exhibits a field effect mobility, pge of 0.21 cm?V~s™
with a small on-off ratio ~ 10. In the passivated device, the on-off ratio
increases significantly to ~ 10* but with a reduced on-state current, thus
ge of 0.07 cm?V~1s™1. To prevent device breakdown, the SnO TFTs were
limited to gate voltages within the range of V, = + 30 V owing to the small
bandgap, whereas Cu, 0, can typically be safely scanned upto V, =+ 75 V.

Post-growth analysis suggests that Cu, O and SnO should be the domi-
nant materials present in each TFT.3%40 However, the active channel was
known to readily oxidize to CuO and SnO,.[>>5¢] Before measurements,
the absorption spectra (Cary UV-Vis—IR) for tin and copper oxide thin-
films derived from the TFT growths were compared to the corresponding
TFT photoconduction (PC) spectra.

TFT Ultrabroadband Photoconductance Density of States (UP-DoS) Mi-
croscopy:  The Ultrabroadband Photoconduction Density of States (or UP-
DoS) microscopy method was applied to tin and copper oxide TFTs to
measure the subgap defect density.!>%557] Figure 1a depicts the UP-DoS
setup measuring the photoconduction, Ip-(hv) on a TFT with an ultra-
broadband tunable laser from photon energies of hv = 0.15 to 3.5 eV. To
achieve photon energies for near mobility edge excitation, a home-built
difference-frequency generation mixes OPO signal and idler beam over-
lap on an HGS crystal that produces a tunable laser up to 10,000nm. [>8]
The diffraction-limited laser illuminates a tin or copper oxide active chan-
nel from the top side through the thin passivation layer of aluminum ox-
ide. The TFT gate voltage was carefully selected to ensure that the TFT
transfer curve is a quasi-linear regime, such that the small incident pho-
ton flux (=~ 10> photons/cm?) induces a small linear shift in the illumi-
nated transfer curve.l’l The TFT conductivity was continuously monitored
with a custom-built RF probe microscopy station that uses all-reflective 4f-
scanning optics. A high-NA (0.65) 52x reflective objective delivers a nearly
diffraction-limited tunable-laser. The bottom panel of Figure 1a shows this
1.1 eV laser mapping the TFT I response over the copper oxide TFT ac-
tive region.

To measure the DoS of a TFT, the primary observable was the photon-
normalized photoconduction, I,o,m, (hv) = hvipc/P, where Ipc is the Zurich
lock-in amplifier (HFLI) detected photoconduction signal and P is the
incident laser power (ranges from ~ 0.1 to 100 uW). /,,,;m has units of
AeV=TW=. Providing hv < E,, only band-to-defect (p-mode) or defect-to-
band (n-mode) transitions are likely, and the detected signal /..., can be
approximated as,

d [se]
Eori® ) < N [ N+ ) )
omo%e (hv) e NG / Nieq (hv — E)dE @

where N, (E + hv) is the subgap DoS of empty defect states excited to

with photon energy hv from filled valence band states, Nj\?/ltlaed’ in p-mode
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operation. Ngyy(hv — E) was the subgap DoS of filled defect states that
cB
empty’
tion. See Section S1 (Supporting Information) for a comparison when hv
>E,.

g

To obtain the absolute integrated total defect density per unit volume,
N,,;, the directly measured quantity /.o, (V) is simply rescaled by a con-
stant given in the bracketed expression below, %]

Coxko [ 01p \ 7!
Ntot(hv) = Inorm (hv) |:M <_D> :|

were excited to empty conduction band states, N in n-mode opera-

3
qd \ dVg @)

where C,, is the gate oxide capacitance of the TFT, q is the charge of the

electron, d is the thickness of the excited accumulation channel (0.3 nm).

(%) is the non-illuminated slope of the TFT transfer curve in the linear
G

regime where the UP-DoS measurement was conducted. k, is the rate of

incident photons that causes the Ipc signal to saturate owing to state fill-

ing (or k, ~ %). Finally, the first derivative of Equation (3) with respect
AN,

WTV;' To fur-
ther validate the results of UP-DoS, a complementary measurement of
TFT photoconduction fall times was conducted. The TFT photoconduction
fall time traces are captured by a Tektronix TDS 3054B 500 MHz oscillo-
scope triggered to the mechanical chopping of the tunable laser sources
at 200 Hz.

The UP-DoS method signal measured derived from the free carrier den-
sity excited by optically-allowed defect-to-band (n-mode), and band-to-
defect (p-mode) transitions. The TFT further requires broadband access
to the tunable femtosecond lasers that could measure the mobility band-
edge states to within 0.12 eV of the bandgap. A complete discussion of
limitations associated with the UP-DoS method is provided in Section S4
(Supporting Information).

TFT Simulation by Charge Balance and Discrete Trap Model: By using
the experimental full subgap functional form of all measured subgap DoS
peaks shown in Figures 3b and 4b, a discrete trap model together with
charge balance simulates the equilibrium Fermi energy, TFT threshold volt-
ages, and Urbach tail energies. The equation for charge balance involved
a balance between positive and negative charges,

to energy provides the desired experimental subgap DoS as

NEo(Er) + Nip(EF) + p(EF) = Ng, (Er) + n(E) )

where (N ) is ionized Gaussian donors, (N7,) is ionized valence band
tail donors, (Nz,) is filled Gaussian acceptors, and n/p is free elec-
tron/hole density (see Section S2, Supporting Information for the full func-
tional form evaluated using a Fermi-Dirac statistics at 295 K). The corre-
sponding equation for the discrete acceptor trap model is:[*°]

2
§+NEA3 -p

2 2 2
VilE) = =2 [N T + N ; 5)
where q is electron charge, and C, is the gate insulator capacitance den-
sity. The final results for V; and E¢ are plotted in Figures 3c and 4c. Note
that the only two parameters not measured by UP-DoS in Equations (4)
and Equation (5) were the fermi level energy, Er, and the valence band tail
donors (N7, or N(%D), whereas (NI or N9rD) further only depends on E,
the hole effective mass m*, and valence band Urbach energy E,.['] By us-
ing literature-reported values of m* 6962 the system of equations could
be solved for the two unknowns, E and E ;. Similarly, by instead using the
discrete trap donor model,[*°] the conduction band Urbach energy could
be estimated. Finally, once E; is known, using the equations above, the
Fermi level energy is simulated together with n- and p-mode threshold
voltages, and plotted versus band edge defect concentration.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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