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Reversible Switch Memory Effect in Hydrogen-Terminated 
Ultrananocrystalline Diamond
 Innovative memory switch devices require reliable bistable conductance 
properties. It would be desirable if such bistable characteristics were avail-
able in robust solid state materials, such as diamond, which benefi t from 
outstanding physical properties. A bistable current with reversible switching 
effect from surface transfer doped ultrananocrystalline diamond thin fi lms 
measured by electron fi eld emission is reported. This switching is manifested 
by the appearance of huge jumps in the current emission, up to four orders 
of magnitude, that occur at specifi c extracting electric fi eld values. Persistent 
hysteresis is exhibited whenever the fi eld is ramped down. It is proposed 
that these phenomena are the result of resonant-tunneling through a double 
barrier junction composed of tetrahedral amorphous carbon (ta-C)/nanodia-
mond/adsorbent/vacuum. This fi nding may pave the way for the realization 
of novel types of memory switch devices with unprecedented performance. 
  1. Introduction 

 Nanoscale memory-switch circuits may play a crucial role in 
novel logic, memory, and processing devices, determining the 
basic effi ciency of these devices. The realization of nanoscale 
memory-switch circuits has been attempted on various types of 
materials employing nonlinear resistance effects or quantum 
electronic transport phenomena. [  1  ]  One of the promising 
memory effects has been demonstrated in organic materials, [  2  ,  3  ]  
showing viable bistable switching characteristics. High-speed 
switching has been ameliorated in solid-state heterostructures, 
exploiting double-barrier resonant tunneling principles in hybrid 
composites of amorphous carbon. [  4  ]  Although vacuum-based 
devices benefi t from the highest electron velocity ( ≈ 3  ×  10 8  m 
s  − 1 ), yielding high-power and high-frequency devices for micro-
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wave amplifi ers, [  5  ]  they suffer from a lack of 
reliable bistable characteristics, low on/off 
ratios, and inconsistent memory windows. 
Taking into account that two-terminal 
devices based on graphitic compounds are 
becoming more signifi cant in electronics 
architectures, [  6  ]  an electron fi eld emission 
(FE) process on carbon-based nanostruc-
tures is expected to offer superior memory-
switching devices once reliable bistability 
behavior can be achieved. 

 FE from quantum assemblies have been 
theoretically predicted and experimentally 
shown to have exceptional properties [  7–11  ]  
due to sequential tunneling along confi ned 
structures in which resonance tunneling 
plays a major role. Indeed, various con-
fi gurations showing anomalies in the cur-
rent–voltage ( I – V ) curves, such as regions 
with negative differential conductance [  7  ,  12  ]  and steps in the  I – V  
characteristics, [  13  ,  14  ]  have been observed. Some years earlier FE 
resonant tunneling had been investigated in metal samples con-
taining adsorbates on surfaces. [  15–17  ]  Recently, resonant behavior 
has been reported from multiwalled carbon nanotubes covered 
by chemisorbed molecules (carboxylic moiety or adsorbed water) 
exhibiting some weak step-like properties in the fi eld emission. [  18  ]  
These weak step-like properties have been attributed to resonant 
tunneling through quantum states formed by the presence of the 
adsorbate layer. An abrupt switch-on of one order of magnitude, 
step-like feature has also been reported by Madaleno et al. [  19  ]  
for non-hydrogenated nanocrystalline diamond microtip arrays. 
However no hysteresis and no repeatability or reversibility has 
been shown. 

 In the present work we report the observation of a reversible 
hysteretic switching in the FE process in ultrananocrystalline 
diamond (UNCD) thin fi lms [  20  ]  following surface hydrogena-
tion and exposure to humid air. As a unique property of the 
diamond surface, this surface treatment is responsible for high 
p-type surface conductivity, as explained by the electrochemical 
transfer doping model, [  21–23  ]  and is essential for obtaining the 
results described below. 

 The FE measurements exhibit consistent electrical bistability 
with a signifi cant memory window and an on/off ratio of up 
to 10 000:1 in the emitted current density. An extremely sharp 
switch-on of the electron emission current is found. It increases 
abruptly by three orders of magnitude, followed by further suc-
cessive jumps, each accompanied by plateaus. When the fi eld 
is ramped down, the FE current remains “on” even at values of 
m 1827wileyonlinelibrary.com
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   Figure  1 .     View of a UNCD layer: a) cross sectional high-resolution SEM image of the UNCD layer grown on 
quartz; b) 3D AFM topography image of the UNCD; c) 2D contact AFM of the UNCD plane view, and d) the 
corresponding profi le of typical diamond grain sizes (5–15 nm).  

   Figure  2 .     Results of current FE measurements from UNCD layer. The 
blue lines show consecutive FE cycles from hydrogenated and humid air 
exposed UNCD layer. The orange lines show consecutive FE cycles from 
the same sample after in situ heating to 300  ° C. Inset:  I – V  surface contact 
measurement of the UNCD:H:H 2 O before (blue line) and after (orange 
line) in situ heating. The different stages of the FE marked as a, b, c, d, 
e, f are discussed in Figure  5 .  
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the fi eld lower than the initial switch-on values. The FE current 
turns off abruptly, only at substantially lower fi elds, showing 
a pronounced hysteresis (memory) effect. These FE data are 
repeatable, reversible and are observed consistently from the 
same emission spot and from other spots on the sample for 
several hundreds of consecutive cycles ( > 700) during a contin-
uous operation period of  ≈ 20 h. The phenomenon was found to 
disappear following in situ heating (300  ° C) of the UNCD thin 
fi lm.   

 2. Results and Discussion  

 2.1. Surface Characterization 

 The samples used were UNCD fi lms (300 nm thick) grown on 
quartz, microwave plasma hydrogenated (H) and exposed to 
humid air. A cross-sectional high-resolution scanned electron 
microscopy (SEM) image of a sample is shown in  Figure    1  a. 
Clear diamond nanograins ranging in size from 5 to 15 nm can 
be observed (bright regions), separated by amorphous carbon 
(a-C) nano-“pockets”, with typical widths ranging between 1.5 
and 2 nm (dark regions in Figure  1 a). Atomic force microscopy 
(AFM) measurements, which also revealed a surface roughness 
of 3.5 nm and a high density of nanodiamond (ND) grains, 
are consistent with the SEM results. A 3D AFM image of the 
UNCD topography is displayed in Figure  1 b; a 2D AFM image 
and its corresponding profi le are shown in Figure  1 c,d. Based 
on X-ray photoelectron spectroscopy (XPS) measurements, 
the amorphous carbon (a-C) surrounding the nanodiamonds 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
was estimated to contain about 
85% sp 3  bonded C, i.e., the 
nanodiamond (ND) grains are 
separated by tetrahedral amor-
phous carbon (ta-C). A similar 
conclusion was obtained from 
previous results of electrical 
transport measurements done 
on the same UNCD material. [  24  ]     

 2.2. Electrical Observations 

 The results of repetitive FE 
measurements on an UNCD 
sample following surface treat-
ments, such as cleaning in 
acids, hydrogen plasma treat-
ment, and exposure to humid 
air, are plotted in  Figure    2   as 
the log of the current density 
( J ) versus applied electric fi eld 
( E ). The blue lines show the 
results of consecutive cycles of 
the current density,  J ( E ), meas-
ured with the voltage being 
sequentially ramped up and 
down. These curves exhibit 
successive plateaus separated by abrupt jumps. A persistent 
hysteresis is measured whenever the voltage is ramped down. 
Similar results were obtained on different samples from the 
same UNCD wafer, illustrating the reproducibility and revers-
ibility of the results. One virgin sample was subjected to sev-
eral cycles of repeated heating and H removal followed by new 
hydrogenation and exposure to humidity. The results of the FE 
measurements performed on the same sample after each sur-
face treatment sequence (as described above) for many fi elds 
Adv. Funct. Mater. 2012, 22, 1827–1834
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   Figure  3 .     Progressive improvement of the switch-memory properties of 
the FE from UNCD layer following surface treatment sequences. a) FE 
cycles of a virgin UNCD sample following a single surface treatment. b) FE 
cycles of the same sample after a second successive treatment. c) FE 
cycles after a third successive treatment. Gray lines show typical FE cycles 
from a boron-doped polycrystalline diamond under the same conditions 
for comparison.  
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up/down cycles are shown in  Figure    3  . Figure  3 a shows the 
results for a single treatment on a virgin sample, while Figure 
 3 b,c display, respectively, the results following a second and 
third successive treatment of the same sample. It should be 
noticed that the electrical switching properties of the sample 
progressively improved.   
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1827–1834
 In a different experiment the sample was heated, in situ, 
to 300  ° C, to remove the water thin layer adsorbate from the 
UNCD:H surface. FE measurements were repeated after let-
ting the sample cool back down to room temperature into 
vacuum. The result (Figure  2  orange line) shows a very poor (if 
any) gradual electron emission while ramping the fi eld up and 
down.  I – V  surface contact measurements of the UNCD:H:H 2 O 
sample were performed at room temperature before and 
after heating (inset Figure  2 ). Before heating an almost linear 
behavior was observed and neither peculiar jumps nor hyster-
esis effects could be noticed in the  I – V  cycles. This result sug-
gests that the abrupt jumps and hysteretic FE were not caused 
by irregularities in the electrical conductivity; they must be 
related to the electron escape process. After heating, the sur-
face conductivity had vanished, and the sample was highly 
insulating.   

 2.3. Peculiarities 

 The present results are in stark contrast with usual Fowler–
Nordheim (FN) electron fi eld emission behavior, which is 
characterized after turn on by a rather gradual rise in the FE 
current. As a test case, FE from a boron-doped hydrogen ter-
minated polycrystalline diamond sample was measured under 
the same experimental conditions and indeed showed typical 
FN fi eld emission properties (Figure  3 c gray lines). 

 The following peculiar results should be noted and require 
explanation:  
 1)     The FE from the moisture exposed UNCD:H samples 

switched-on extremely abruptly and exhibited several con-
secutive jumps.   

 2)     Between the jumps, plateaus in the  J ( E ) curves with only 
moderate increases in the emission current were observed.   

 3)     Decreasing the applied fi eld resulted in a completely dif-
ferent behavior: the high emission current was maintained 
for values of the fi eld substantially lower than those of the 
ramp-up case (hysteretic behavior). The emission current 
was characterized by a small and moderated decrease of the 
current  J ( E ) until an abrupt turn-off occurred, at a remarkably 
smaller applied fi eld value (12 V  μ m  − 1 ) than that of the initial 
turn on fi eld (22 V  μ m  − 1 ) (Figure  2 ). This was observable for 
all  J ( E ) cycles (hysteresis behavior).   

 4)     Heating the sample to 300  ° C extinguished all of the above 
phenomena (Figure  2 , orange lines).   

 5)     A repeated surface cleaning followed by microwave hydrogen 
plasma treatment and exposure to humidity restored, and 
even sharpened, the switching effect in the FE (Figure  3 ).    

 In summary, the resulting FE properties from the hydrogen-
ated humidity-exposed UNCD thin fi lm show a room-tempera-
ture reversible hysteretic switching, which exhibits a consistent 
electrical bistability with endurance of  ≈ 10 3  cycles, a memory 
window of 9  ±  1 V  μ m  − 1 , on/off ratio of 10 4  in the emitted cur-
rent density, and a switch speed expected to be less than 10  − 14  
s due to vacuum propagation. In comparison, nanowires metal 
oxide based materials, [  1  ,  2  ]  which are considered as a leading 
memory technology, show a typical on/off ratio up to 10 4 , 
1829wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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switching speed [  25  ]  of  ≈ 50 ns, and endurance [  26  ]  of more than 
10 2  cycles. Molecular [  27  ]  and chalcogenide [  28  ]  elements show on/
off ratios under 10 3 , thus placing UNCD as a material of choice 
among them. 

 To offer a possible explanation for these peculiar observations 
one should recall that electron emission from solids depends 
on the properties of the emission sites and on the availability of 
electrons at these sites. These are affected in the present case of 
FE from UNCD by the complex structure of the sample, which 
is composed of nanocrystalline diamonds embedded in amor-
phous carbon, and by the unique electrical properties of the 
outermost diamond nanocrystallites surface, which is H termi-
nated and covered by a thin layer of adsorbed water. 

 The presently used UNCD samples, when non-hydrogen-
ated, had resistances greater than 10 7   Ω  �  − 1 . Upon hydro-
genation and exposure to humidity, the resistances dropped to 
10 4   Ω  �  − 1  with Hall-effect sheet hole concentrations of about 
9  ×  10 11  cm  − 2  due to surface transfer doping. This is known 
in single crystal diamond to result in a surface upwards band 
bending extending to a depth of several nanometers (8–10 nm). 
Because the small dimensions of the ND crystallites (5–15 nm) 
are comparable to the thickness of the band bending, one can 
assume that the entire volume of the nanocrystallites “turned” 
p-type. The fact that the observed FE phenomena disappeared 
after in situ heating at 300  ° C, a temperature at which the 
adsorbed water molecules is known to evaporate from the sur-
face of the diamond, [  29  ]  proved the crucial role that the adsorbed 
water layer had on the measured phenomena. The importance 
of this layer has also been demonstrated for the case of single-
crystal diamond surfaces. [  30  ]    

 2.4. Electrical Transport 

 Below we separately discuss the various factors affecting the FE: 

 1) The emission site. Two different possible emission sites 
from which electrons can escape to vacuum must be consid-
ered: i) from H-terminated water-layer covered diamond nanoc-
rystallites and ii) from amorphous carbon separating the dia-
mond grains or from thin ta-C layers possibly partially covering 
the diamond nanograins at the surface. Site (i) has a negative 
electron affi nity of   χ    =  –1.3 eV and has undergone a local sur-
face transfer doping that has induced a p-type surface conduc-
tivity. As for emission site (ii), electrons have to overcome a 
potential vacuum barrier [  31  ]  of  ≈ 3eV. Hence, emission from site 
(ii) is expected to increase monotonically with the extracting 
fi eld. [  32  ]  

 In the present case the surface of the sample was succes-
sively modifi ed by consecutive surface cleanings, followed by 
exposure to a H plasma. Such treatment is known to etch a-C 
layers [  33  ]  and this has been verifi ed by electron energy loss spec-
troscopy and XPS measurements. The FE of the sample fol-
lowing repetitive H plasma treatments was found to sharpen 
(Figure  3 ), presumably as a result of ta-C removal from the 
UNCD surface, indicating the importance of the surface state 
of the outermost ND grains. 

 2) The availability of electrons at the emission sites. This 
is complicated by the composite nature of the UNCD sample. 
The supply of electrons can, in principle, be via a surface path 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
or via the subsurface regions. The pathway along the surface 
is due to the p-type surface conduction of the ND composed 
of conductive channels intercepted by the relatively insulating 
narrow amorphous carbon (ta-C) regions. The pathway below 
the surface is via ta-C thin regions separated by sections of 
intrinsic (non-transfer doped) nanocrystallites diamonds. In 
this pathway, intrinsic nanocrystallites diamonds play the role 
of insulators and the ta-C pockets are the more conductive part 
of the composite bulk.   

 2.5. Emission Mechanism 

 The fact that the peculiar UNCD’s FE phenomenon were 
shown to be enhanced following each etching plasma treatment 
allows us to relate the emission mechanism as mostly origi-
nating from H-terminated water-layer covered diamond nanoc-
rystallite sites. As noted above, the sample is composed of ND 
grains separated by ta-C interlayers. In order to depict the emis-
sion mechanism from the low-dimensional sites residing in a 
complex structure, we used a simplifi ed representation based 
on a 1D periodic heterostructure perpendicular to the surface 
( Figure    4  ). In this model the two last heterojunctions, behind 
the surface, are represented by a double barrier tunneling junc-
tion composed of ta-C/ND/adsorbent/vacuum. An energy band 
offset of  ≈ 2.5 eV is obtained between the conducting band 
minima of the internal diamond grain (with a bandgap energy 
of  E  g  =  5.47 eV and   χ    =  0.5 eV) and ta-C pocket conducting 
states (with  E  g   =  2.5 eV and   χ    =  3 eV [  31  ] ). The simplifi ed subsur-
face structure is described by a fi nite rectangular quantum well 
(QW) formed by the ta-C layer surrounded by two asymmetrical 
potential barriers, the left one being formed by the insulating 
diamond grain and the right one being that of hydrogenated 
and humid-air-exposed diamond grain. The typical width of the 
ta-C layer separating the ND grains,  d , ranging from 1.5 nm 
to 2 nm (as deduced from characterizations), is taken as the 
QW width range. Although the ND grains vary in size from 
5 to 15 nm, the optimal shortest tunneling distance separating 
two ta-C regions are of the order of  ≈ 1 nm. This is taken as the 
width of potential barriers through which electrons will pref-
erentially tunnel from one ta-C pocket to another (Figure  4 ). 
The spectrum range of the energy levels values,  E n  , for the 
ta-C fi nite QW can be calculated from the Schrodinger’s equa-
tion solution for a fi nite potential well [  34  ]  with a varying width, 
 d . This approach can be approximated to the solution for the 
energy levels of an infi nite quantum well case since the differ-
ences found in numerical results between the two solutions of 
this case is small and negligible in comparison to the ranges for 
each energy level value. The possible energy level range,  Δ  E n  , is 
given by the equation:

   �En = (πh̄)2 n2
/

2m∗ (d)2
 (1)     

 Where QW thicknesses  d   =  1.5–2 nm,  n   =  1, 2, and 3 rep-
resenting the  n  th  energy level, the effective electron mass in 
ta-C is taken to be of  m   ∗    =  0.87 m  e  [  35  ]  and is the reduced Planck 
constant. This leads to three different sub-bands with energies 
ranging between 0.12–0.21eV, 0.47–0.83 eV, and 1.05–2.5 eV 
corresponding to the fi rst, second, and third broadened energy 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1827–1834
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   Figure  4 .     Schematic band diagram of the ND grains and ta-C pockets 
periodic heterostructure, perpendicular to the surface, in correspondence 
with the structural UNCD:H:H 2 O layer. The outermost transfer-doped ND 
grain ( E  g   =  5.47 eV), which has p-type properties and negative electron 
affi nity (  χ    =  –1.3 eV), is covered by a thin water adsorbate layer repre-
sented by a QW before the vacuum barrier. The ta-C layer ( E  g   =  2.5 eV) 
behind forms a QW between the insulating ND grain (from the bulk) and 
the outermost ND grain. A, B, and C represent the broadened energy 
levels in the ta-C QW. The red arrows in the structural UNCD layer sketch 
represent a typical electron pathway to the emission site.  
levels in the representative QW. In this picture the fi eld pene-
tration inside the ta-C QW during the band bending, estimated 
to be less than 0.04 eV, has been disregarded. 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1827–1834
 The energy band diagram of the heterostructure in the 
outermost layer determines the emission properties. The last 
ta-C QW has asymmetrical potential barriers, where the inner 
potential barrier is that of the intrinsic ND grain in the bulk 
and the outer barrier is that of the hydrogenated and adsorbate-
covered ND grain facing the vacuum (with   χ    =  –1.3 eV). The 
fact that the outermost transfer doped ND grain is, most likely, 
entirely p-type results in an upward shift of the last potential 
barrier. The vacuum-facing surface of this grain must be cov-
ered by a physisorbed acidic water monolayer [  36  ]  on its hydro-
genated surface [  29  ]  forming a rectangular QW with unoccupied 
molecular orbitals (UMO). In thermodynamic equilibrium, the 
electrochemical potential of the water adsorbate layer,   μ   e  ads   =  
–5.2 eV, is aligned with the Fermi level of the outermost dia-
mond grain (Figure  4 ).   

 2.6. Double Barrier Resonance Tunneling 

 Following this model, increasing the applied extracting fi eld 
will induce band bending along the heterostructure ( Figure    5  ) 
allowing electrons to sequentially tunnel toward the emission 
sites. The electrons will fi rst gradually fi ll the lowest allowed 
electronic levels (subbands) of the last ta-C QW, located before 
the outermost nanodiamond surface. Then, a resonant tun-
neling path will eventually open up toward the corresponding 
UMO in the thin water layer QW (Figure  5 a). Once electrons 
fi ll all lower unoccupied states in this water layer, alignment 
with ta-C energy levels will occur. At this moment, electrons 
are subjected to a double-barrier resonant tunneling (DBRT), 
due to the overlap of both ta-C QW and water unoccupied states 
throughout the outermost nanodiamond grain (fi rst barrier) 
and the vacuum (second barrier) as sketched in Figure  5 b. This 
DBRT will swiftly boost the transmission probability of the elec-
trons, which until now has been almost zero, and give rise to a 
sudden burst of electrons expressed by an abrupt jump of more 
than three orders of magnitude in the FE current. This is a cur-
rent value similar to that which would have been obtained if a 
gradual turn on FE would have occurred during the increase 
in the applied fi eld. A further increase of the applied fi eld will 
lead to the fi lling of higher sub-band levels in the ta-C QW 
(Figure  5 c), eventually causing further overlaps of ta-C QW 
and water QW energy levels (Figure  5 d) and resulting in addi-
tional DBRT toward vacuum. This results in further jumps in 
the emission current from higher energy states (Figure  5 e). 
Between these jumps no dramatic FE is expected as the supply 
of electrons is only gradually increased.  

 The hysteresis during the ramp down of the voltage is 
caused by the fact that UMO states in the water layer QW are 
kept charged from the upward fi eld sweep. The electron emis-
sion will be sustained as long as the bias voltage will allow elec-
tron transport over aligned states of both ta-C and water QWs 
to favorite DBRT. Decreasing the voltage will both diminish the 
carriers’ supply to the QWs and gradually cancel overlapping 
states due to energy level shift. Therefore, a gradual decline 
in the emission current with a slight hump takes place. Then, 
an abrupt switch off occurs when no replenishment and/or 
no alignment of energy levels any longer exist, thus promptly 
impeding DBRT conditions. This mechanism, even though 
1831wileyonlinelibrary.combH & Co. KGaA, Weinheim
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   Figure  5 .     Schematic band bending of the emission site structures following different FE stages as marked on curves in Figure 2 and 3a. a) UNCD:H:H 2 O 
layer during an increasing applied fi eld showing electrons fi lling from the ta-C QW’s electronic levels to the water layer’s UMO. b) Alignment between 
the ta-C and adsorbate QW occurs and gives rise to a double-barrier resonant tunneling yielding the fi rst emission burst of electrons (switch-on). 
c) Further increase of the fi eld leads to fi lling of higher subband levels in ta-C QW. d) Further overlaps with the water QW energy levels and another 
double-barrier resonant tunneling. e) Additional alignment and double-barrier resonant tunneling emission. f) UNCD:H layer under applied fi eld after 
in situ heating. g) UNCD:H covered by ta-C thin layer under applied fi eld before surface treatment sequences.  
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streamlined, results in the formation of a memory effect in 
the current emission for any upward–downward cycle of the 
applied fi eld.   

 2.7. Current Emission Plateaus and Effective Barriers Matching 

 Further confi rmation of the above is obtained from the in situ, 
heating (300  ° C) experiments. In this state, transfer doping and 
water adsorbate is removed resulting in very poor FE with no 
hysteresis (Figure  2 , orange line). The resulting energy band 
diagram is a symmetric aligned heterostructure of all the 
nanodiamond potential barriers as represented in Figure  5 f. 
The emission process is now governed by electrons transfer-
ring from the ta-C QWs to the conduction band minima of the 
outermost ND, still benefi ting from negative electron affi nity , 
before escaping to vacuum. 

 The FE between the abrupt jumps was found to be monoto-
nous and to follow the standard FN behavior given by:

 ln
(

J

E 2

)
= −6.83 × 107 φ3/2

β

1

E
+ C   (2)    

 A plot of ln( J / E  2 ) versus 1/ E  should yield a straight line with 
a slope,   Δ  , given by   Δ    =    φ   3/2 /  β  , where   φ   is the work function,   β   
is the geometric fi eld enhancement factor, and  C  is constant.  
The FN plot of the FE data in the regions between the abrupt 
jumps is shown in Figure  6 . Indeed, they consists of straight 
lines with ever decreasing slopes (  Δ   1 ,   Δ   2 ,   Δ   3 ). The differences 
between the respective slopes of each plateau indicate that con-
secutive current steps are from states with a lower effective bar-
rier i.e.,   φ   1 ,   φ   2 ,   φ   3 , with   φ   1 ,   φ   2 , and   φ   3  corresponding to the fi rst, 
second, and third current jumps, proving that FE of consecutive 
steps originate from higher energy levels. Quantitative analysis 
of the three lines of the FN plot ( Figure    6  ), taking for value   β    =  
10 for all plateaus (as roughly deduced from the UNCD surface 
smoothness), yields   φ   1   =  2.8  ±  0.1 eV,   φ   2   =  1.6  ±  0.4 eV, and 
  φ   3   =  1.2  ±  0.3 eV. A rough comparison of these qualitative values 
agree fairly well with the three energy levels ranges, which yield 
effective barriers ranges   φ   1   =  2.6–2.8 eV,   φ   2   =  2.0–2.4 eV, and 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1827–1834

   Figure  6 .     FN plots of FE cycles from UNCD:H:H 2 O.   Δ   1 ,   Δ   2 , and   Δ   3  are the 
slopes corresponding to the fi rst, second, and third current FE plateaus 
results from Figure 2.  
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  φ   3   =  0.4–1.9 eV described by the emission mechanism from 
fi rst, second, and third energy sub-bands in the representative 
ta-C QWs.     

 3. Conclusions 

 A reversible memory switching of the current fi eld emission 
was experimentally observed for the fi rst time in hydrogen-
terminated, humidity-covered ultrananocrystalline diamond 
layers. 

 The current emission observations for the sequenced surface 
treatments of a UNCD layer showed progressive improvement 
in the switching hysteresis and the in situ heating (evaporation 
of a water layer from the surface) annulled all current emission 
phenomena from the sample. 

 A simplifi ed model relying on characterizations results and 
physical properties is proposed to explain the peculiar experi-
mental observations. In it, the material is modeled as being 
composed of a sequence of heterojunctions formed by ta-C 
QW and ND barriers. The last two heterojunctions (ta-C/ND/
adsorbate layer/vacuum) form a double barrier tunneling junc-
tion where resonance tunneling occurs when the energy levels 
of the ta-C QW are aligned with those of the adsorbate layer. 
The experimental fi ndings described in this paper present a 
new hysteresis phenomenon in electron fi eld emission that 
may offer unthinkable applications in carbon-based nanoscale 
devices.   

 4. Experimental Section 
 The samples used were ultrananocrystalline undoped diamond 

fi lms, [  20  ]  about 300 nm thick, grown on quartz by a microwave plasma-
enhanced process using an argon rich mixture of Ar/CH 4  at a low 
temperature of 500  ° C. Surface treatment of the samples consisted of 
a thorough cleaning in acids and exposure to pure hydrogen plasma in 
a chemical vapor deposition reactor at 650  ° C for 40 min followed by 
exposure to humid air. 

 FE measurements were performed in an ultrahigh vacuum system 
(10  − 9  Torr) at room temperature. A spherical anode “tip” (1 mm radius) 
was mounted on a computer-controlled piezo-driven stage, set at distances 
20 to 60  μ m from the sample surface. Variable negative voltages (0–5 kV) 
were applied to the cathode surface relative to the extracting anode. Top 
silver paint contacts (Ohmic) were used to contact the sample surface 
with the cathode. The measurements consisted of gradually ramping up 
the voltage between the cathode and anode, set at fi xed distances, while 
measuring the emission current as function of voltage, i.e., of electric fi eld 
 E . The entire experiment was performed automatically under computer 
control. Several up/down cycles were performed at the same spot, as well 
as at different spots, on the sample and for different cathode–anode set 
distances. Some measurements were performed (at room temperature) 
on samples following in situ heating to 300  ° C.  
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