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Figure-S1

Figure S1. Block diagram of the chemical solution deposition system based on robotic arm controlled by a 
microcontroller.

The deposition system is composed of the following modules:
1. MCU – microcontroller unit that interface directly with the robot’s servos (which are used for 

arm articulations control), hot plate driver for temperature control in beakers through a PID 
controller, input/output signals (keypad and LCD), and Bluetooth module for communication 
with personal computer (PC) or other gadgets (such as smartphones) through a graphic user 
interface (GUI).

2. Bluetooth module – is used for wireless communication between MCU and PC through a GUI.
3. PC or other gadgets – represents the PC or other gadgets which support GUI for control a robotic 

arm (to send commands and to monitor the systems parameters such as temperature in beakers, 
numbers of performed SCS cycles, time of deposition, duration of substrate  immersion in 
beakers, etc.).

4. Keypad + LCD – represents an input/output module (a keypad + LCD display) for display of 
system parameters information and sending commands.

5. 220 VAC – primary power supply (220 V, AC, 50 Hz).
6. Power supply – secondary DC power supply (+5 V, - 5 V, + 12 V) for system modules.
7. Hot plate driver – triac and optocoupler based driver of hot plate stirrer for beakers temperature 

control through a PID controller (25 – 99 ºC).
8. Hot plate stirrer – represents a hot plate stirrer on which are placed beakers to maintain a 

necessary temperature of complex solutions during the deposition process. 
9. Beakers with solution – represents a thermo-resistant glass beakers with complex anionic and 

cationic solutions which are maintained at necessary conditions. 
10. Thermocouple probe – represents a thermocouple probe for liquid solutions which is used for 

temperature monitoring in the complex solutions.
11. Amplifier – is an operational amplifier based circuit to amplify the signal from thermocouple 

probe for further signal processing in PID controller.
12. Robotic arm – represents an articulated type robotic arm based on servos which perform the 

dipping of substrate in beakers with anionic and cationic complex solutions by a predefined 
algorithm with introduced parameters from input/output system or GUI.
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Figure-S2

Figure S2. A typical schematic temperature profile of: (a) thermal annealing TA process at 450 °C; and (b) rapid 
thermal annealing RTA process at 525 °C. (c) Schematic diagram of the rapid thermal annealing (RTA) system. 

In both cases the reactors are pre-heated to 200 °C and then samples are introduced for annealing 
process. Temperature ramp rate for electrical furnace was ~ 18 °C/min, thus ramp up time to 
install 450 °C in reactor was ~ 15 min. In this work, the time of treatment is not total time of 
annealing, but the duration of films treatment at an indicated temperature, as can be seen from 
Figure S2a. For 30 min time of treatment, the total time of annealing was 120 min, and can be 
calculated by time of treatment × 4. Temperature decrease rate of electrical furnace was              
~ 2.6 °C/min. 
For RTA treatment (Figure S2b), temperature rise rate was very fast (~ 65 °C/s), thus with pre-
heat at 200 °C the ramp up time to reach 525 °C in reactor was ~ 5 s. Temperature drop rate of 
RTA system was, as well as, very fast ~ 6 °C/s, due to water cooling system. Time of annealing 
process was defined like in case of TA-treatment, but total rapid annealing time was time of 
treatment × 2. In both cases, samples are extracted at the end of total annealing time according to 
Figure S2. However in the case of RTA treatment the ramp down period have very little 
influences on structural, morphological and chemical properties of the nano-crystallite copper 
oxide films (not shown here) due to rapid decrease of temperature, thus it is not an important 
factor in our investigations. 
In Figure S2c schematic diagram of the rapid thermal annealing (RTA) system is presented as 
cross-sectional view. Sample is placed in a quartz reactor where temperature is monitored 
continuously by thermocouple probe. Temperature inside quartz reactor is controlled by a 
microcontroller unit (MCU) using on-off controller. The four halogen lamps (5 kW) are used for 
rapid increase of temperature in quartz reactor. For higher thermal efficiency, the inside of the 
water cooling chamber is a covered with a polished metal surface antireflection layer. 
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Figure-S3

Figure S3. SEM images of the RTA treated copper oxide nano-crystallite films with zinc 
concentration: (a) – (#1 or c1) – 1.9 wt% Zn; (b) – (#2 or c2) – 2.7 wt% Zn; 

(c) – (#3 or c3) – 3.0 wt% Zn.

Figure-S4

Figure S4. SEM images of the TA treated copper oxide nano-crystallite films with zinc 
concentration: (a) – (0);  (b) – (#1 or c1) – 1.9 wt% Zn; (c) – (#2 or c2) – 2.4 wt% Zn; 

(d) – (#3 or c3) – 2.8 wt% Zn.
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Figure-S5

Figure S5. TEM image of the RTA treated copper oxide nano-crystallite films with zinc 
concentration–(3).

Figure-S6

Figure S6 Shows the secondary ion mass spectrometry SIMS measurement of the Zn-doped 
CuO thin film. The CuO:Zn thin film on the substrate was in the form of nanocrystals. The SIMS 
result shows that while the concentrations of Cu or O remain constant as a function of depth, the 
Zn concentration varies rapidly as a function of depth and its behavior seems to track that of the 
Si substrate. Therefore we conclude that the SIMS signal of Zn maybe contaminated by the Si 
signal. 
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Figure-S7

Figure S7. Response of the sensors based on samples treated RTA at 525 °C and TA at 650 °C 
versus RH value. Response was defined as the ratio of resistance in 30% RH (RRH30%) and 

90% RH (RRH90%).
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Figure-S8

Figure S8. Side (upper panel) and top views of the CuO(111) surface.

The (111) surface is the most stable surface and found to be dominant in the CuO crystal 
morphology.9 The top layer consists of 3- and 4-coordinated Cu and O atoms.                 
3-coordinated O atoms (OSUF) are the most exposed atoms, each connected to one 3-
coordinated (coordinatively unsaturated -CuCUS) and two 4-coordinated (coordinatively 
saturated - CuCSA) Cu atoms.
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Figure-S9

Figure S9. Side (a) and top (b) views of the Zn-doped (2×1) slab of the CuO(111) surface. Bond 

length values are in Å.
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Figure-S10

Figure S10. (a) Electronic density-of-states (DOS) of the systems of (a) the H2 molecule 

adsorbed on the Zn-doped CuO(111) surface, and (b) the H2 molecule adsorbed on the Zn-doped 

Cu2O(111)-Cuvac surface, with Fermi-level set to zero. Dashed lines show the Fermi-level.
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Figure-S11

Figure S11. Side (a) and top (b) views of Cu2O(111) surface.

The oxygen-terminated Cu2O(111) surface is the most stable surface among the different 
low-index surfaces of Cu2O [17], consisting of four different atomic sites in the top layer, 
namely a coordinatively unsaturated copper CuCUS, an outermost oxygen OSUF, a 

coordinatively saturated copper CuCSA and a sub-surface oxygen atom OSUB, which is      
4-fold coordinated as shown in  Fig. S11.



11

Figure-S12

Figure S12. Side (a); and top (b) views of the Zn-doped (21) slab of the Cu2O(111)-Cuvac 

surface. Bond length values are in Å.
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Table S1. Response and recovery times of the sensors based on doped copper oxide samples

RTA525, 

30% RH

RTA525, 

90% RH

TA650, 

30% RH

TA650, 

90% RH

OPT 300°C 2.4 6.9 3.1 12.6Response τr (s)

OPT 400°C 1.4 5.4 1.9 8.5

OPT 300°C 3.6 19.3 5.8 24.1Recovery τd (s)

OPT 400°C 2.9 12.1 4.2 21.3
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Table S2. Hydrogen gas sensors based on p-type metal oxide nanostructures

Structure, morphology and 

properties of sensing material

H2 

conc. 

(ppm)

Gas 

response 

(Ra/Rg)

Operating 

temperature 

(°C)

Ratio of H2 to ethanol 

vapour response

SH2/SEtOH

Year of 

publication

Ref.

Co3O4 nanotubes 50 ~ 3 a) 30 (RT) ~ 0.85 a) 2005 15

NiO hollow hemispheres;

D ~ 800 nm;

200 1.8 300 0.36 2011 16

Mesoporous CuO film:

D ~ 30±10 nm; h ~ 200 nm;

100 1.65 300 ~ 0.22 a) 2013 17

CuO urchin-like:

D ~ 3 µm;

100 ~ 6 a) 200 - 2013 18

ZnxCu1-xOy nano-crystalline films; 

D ~ 40-60 nm; h ~ 100 nm;

100 ~8.5 300 ~ 9.5 Current work -

a)Denotes a value approximated from a graphical plot;

Data are sorted by the year of publication. Where were not available specific data is noted by “-”. 

Average diameter of nanostructures is noted by “D” and thickness of films is noted by “h”.
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