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Filament growth is a key aspect in the operation of bipolar resistive random access memory (RRAM) devices, yet there are 

conflicting reports in the literature on the direction of growth of conductive filaments in valence change RRAM devices. 

We report here that an insulating gap between the filament and the semiconductor electrode can be detected by the 

metal-insulator-semiconductor bipolar transistor structure, and thus provide information on the filament growth 

direction. Using this technique, we show how voltage polarity and electrode chemistry control the filament growth 

direction during electro-forming. The experimental results and the nature of a gap between the filament and an electrode 

are discussed in light of possible models of filament formation. 

Introduction 

There has been increasing interest in resistive switching 

random access memory (RRAM) technology in the past decade 

thanks to its potential as a highly scalable non-volatile memory 
1-3

. In particular, oxides that show bipolar resistive switching 

due to the variable conduction through oxygen vacancy rich 

channels, often termed valence change memory (VCM), have 

demonstrated excellent memory performance at the device 

level 
4-6

, and are therefore intensively studied 
1, 3, 7

. It is 

believed that switching in these devices is governed by 

formation and dissolution of conductive channels, called 

filaments, which consist of oxygen vacancies 
3, 8-11

. However, it 

is extremely challenging to obtain direct physical evidence of 

such filaments as well as their dimensions and shape, and 

characterize their electrical, thermal, and chemical properties 
12, 13

. 

The initial stage of the formation of conductive filaments by 

the application of voltage on the pristine device is termed 

electroforming (or forming). The forming process critically 

influences filament properties and resistive switching 

behaviour. Forming plays a key role in determining the polarity 

of the consequent (bipolar) switching 
14

.  

Conductive filaments are difficult to detect due to their 

nanoscale dimensions. The formation of metallic filaments in 

cation-migration based resistive switching technology (electro-

chemical metallization - ECM) was studied and recently 

explained qualitatively 
15-19

.  

Observations by TEM of filaments in VCM devices are scarce 
12, 

13
, in particular observations that provide reliable information 

on the direction of filament growth. Consequently, a 

controversy regarding the filament growth direction in VCM 

RRAM devices is found in the literature. Several authors 

assume that the filament grows from the cathode side during 

forming 
12, 20-22

, whereas others assume the opposite growth 

direction (often in different device structures) 
6, 23, 24

. Filament 

growth from anode towards cathode has been reported mainly 

in devices with an oxygen exchange layer (OEL) 
24-26

 serving as 

a virtual anode. The OEL is a highly reduced layer of oxide 

formed between the RRAM oxide and the anode 
24

. Fig. 1 

shows a schematic illustration of the two filament growth 

mechanisms, described later in the text that result in opposite 

growth directions: (a) from cathode, and (b) from anode. 

  

Fig.  1 Schematic illustration of the two different growth 

mechanisms described in the text that result in opposite growth 

directions of conductive filaments in resistive memory devices: 

(a) from cathode, and (b) from anode. The filament consists of 

metal atoms in ECM and of oxygen vacancies in VCM devices. The 

mobile positive charges represent oxygen vacancies in VCM and 

metal cations in ECM. The arrows mark the direction of positively 

charged particles motion. 
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Here, we demonstrate how the metal-insulator-semiconductor 

bipolar transistor can be used to detect the direction of growth 

of the conductive filament. The experimental results are 

compared with qualitative predictions of two models of 

filament growth dynamics. The first model is based upon the 

mixed ionic electronic conductor (MIEC) approach 
27

. One 

dimensional simulations based upon the MIEC model suggest 

that the direction of filament growth in VCM devices is 

determined by the rate of supply of oxygen vacancies at the 

anode compared to the rate of their ionic motion across the 

oxide layer. The second model is based upon the field induced 

nucleation theory 
28

, which predicts a large increase in 

nucleation rate due to metal electrode effects.  

The publication is organized as follows. In section  II, we 

describe how the metal-insulator-semiconductor bipolar 

transistor can be used to detect a gap between the filament 

and the semiconductor. Next we present the experimental 

results.  We discuss the nature of the insulating gap in metal-

insulator-metal (MIM) and metal-insulator-semiconductor 

(MIS) structures. We emphasize that while our technique is 

carried out using an MIS structure, the conclusions are 

relevant also for typical MIM structures. 

In the last section we briefly review the two models of filament 

formation:  the mixed-ionic-electronic-conductor model and 

field induced nucleation theory, and discuss the implications of 

the experimental results in view of these two models.  

The Device 

The metal-insulator-semiconductor bipolar transistor (MIS-BT) 

is composed of a resistive switching material, sandwiched 

between a top metal electrode (the emitter) and bottom 

semiconductor p-n junction. The p-n junction acts as a base-

collector junction of a standard bipolar transistor. The 

principle of operation of the device is similar to that of the 

tunnelling emitter bipolar transistor 
29-31

, except that in the 

RRAM MIS-BT, upon electroforming of the RRAM layer, the 

effective emitter is the (nano-scaled) tip of the formed 

conductive filament 
21

. We have previously shown that the 

device provides useful information on the conduction 

mechanism across the layer 
21

 and, more importantly, on the 

local filament temperature 
32, 33

. Next, we briefly review the 

principle of operation of the MIS-BT to show how it can be 

used for detecting an insulating gap between the filament and 

the semiconductor 
34

. 

Fig.  2 illustrates the device. The 3-terminal Gummel plot 

measurement (inset of Fig.  2) is carried out as follows. The 

emitter (top metal) is grounded, while the base and collector 

are biased to the same voltage, and their currents (Ic, Ib) are 

measured separately. If an exponentially increasing collector 

current is detected, minority carriers are injected into the 

semiconductor base layer implying that: (1) a tunnelling gap 

exists between the filament and the semiconductor, and (2) 

most of the applied voltage drops across this gap (see Fig. 2). 

In this case, electrons are injected into the conduction band by 

  

  

Fig. 2 The MIS-BT as a tunnelling gap detector. Schematic cross section of the device with (a) and without (b) a gap between the 

filament and the semiconductor – B, C and E represent base, collector, and emitter of the device respectively. Schematic energy band 

diagram of the device showing (a) minority carrier detection when the voltage drops mainly across a tunnelling gap between the 

semiconductor and (b) no minority carriers detected when there is no voltage drop across a gap between the filament and the 

semiconductor. Inset shows the Gummel plot measurement setup. 
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thermally assisted tunnelling, and the collector current is given 

by 
32

: 

 

)1( 
( )* 2 exp

B

C

q V
I S P A T

kT

 − Φ − 
= ⋅ ⋅  

 
 

 

where T is the temperature, k Botlzmann’s constant, A* the 

effective Richardson constant, V the applied voltage, and ΦB 

the potential difference between the filament Fermi level (at 

equilibrium) and the semiconductor conduction band, shown 

in Fig. 2(c). The product S·P stands for the filament )p area (S) 

multiplied by the tunnelling transmission probability through 

the barrier (P). 

If there is no gap between the filament and the 

semiconductor, namely when the metallic filament forms an 

Ohmic contact to the heavily doped semiconductor layer, only 

majority carriers are injected into the base, as illustrated in Fig. 

 2(b,d). Thus, no collector current is measured in this case. A 

gap may exist at the top metal side or the filament may short 

the top and bottom electrodes, but no collector current is 

measured as long as there is no gap at the semiconductor side. 

To conclude, the collector current is our indication for the 

existence of a gap between the filament and electrode: if it 

increases exponentially with base emitter voltage, the applied 

voltage drops across the gap between the filament and the 

semiconductor. When no collector current is detected, the 

applied voltage drops across the filament or some series 

resistance, and no gap exists between the filament and the 

semiconductor. 

 

The insulating gap 

The insulating gap between the filament and one of the 

electrodes is central to this publication. We have previously 

shown that the conductive filament formed in our thin HfO2 

devices is of metallic nature since it remains conductive at low 

temperature (~3K) 
32

. Thus, non-Ohmic conduction of our HfO2 

RRAM device can only be attributed to a gap or an energy 

barrier between the filament and one of the electrodes. The 

following section discusses the role of the insulating gap in 

MIM structures. Electron transport through the tunnelling gap 

can be modelled by tunnelling or thermally assisted tunnelling. 

Alternatively, it can be described as ballistic transport through a 

narrow constriction within the quantum point contact (QPC) 

model 
35-37

. 

  

The insulating gap at HRS 

At the HRS of a RRAM device it is natural to assume that an 

insulating gap exists between the conductive filament and one 

of the electrodes 
3, 14, 38-40

. In bipolar devices the polarity of the 

applied voltage determines the direction of growth\rupture of 

the tip of the conductive filament, or equivalently the 

formation\annihilation of the gap. In unipolar or non-polar 

devices, on the other hand, it is also feasible that switching 

takes place due to variations in the radial direction.  

The insulating gap at LRS 

At the LRS of a RRAM device the I-V curves are often linear, 

implying that conduction is Ohmic, namely a metallic filament 

connects the two electrodes. Nevertheless, several authors 

reported non-Ohmic behaviour at LRS 
41-43

, implying that an 

insulating gap may also exist at the LRS 
40

. In most cases, and in 

particular for filamentary RRAM devices, non-Ohmic behaviour 

was observed following forming at low current compliance.  

Fantini et al. 
41

 suggested that non-Ohmic behaviour is 

observed when the resistance of the conducting path is larger 

than the quantum resistance 0
1 12.9G kΩ� , namely the 

resistance of a single-mode ballistic conductor 
44

. When a 

narrow constriction of the order of a few atoms impedes the 

current flow then the single mode conduction model applies. 

Fantini et al. also suggest that the value of the resistance is 

determined by the current compliance during the forming 

process 
41

. The nature of the insulating gap at a semiconductor 

electrode will be discussed at the last section of this 

manuscript in light of the experimental results. 

 

 

Fig.  3 Measured base (majority carrier) and collector (minority carrier) currents (absolute values) versus base–emitter voltage during 

forming and at the low resistance state (LRS) of device type A which had two inert contacts. (a) Semiconductor served as cathode 

during forming – no minority carriers measured at LRS, no gap detected at semiconductor interface. (b) Semiconductor served as 

anode during forming - minority carriers detected at LRS, hence an insulating tunnelling gap was formed at the semiconductor 

interface. 
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Experimental results 

To examine the filament growth direction, two sets of MIS-BT 

devices were fabricated. The RRAM material was an 8 nm thick 

layer of HfO2 prepared by atomic layer deposition. One set of 

devices, referred to as type A, had two inert electrodes of high 

impedance to oxygen exchange: an inert top Pt electrode and 

an inert bottom semiconductor electrode. In the other set of 

devices, referred to as type B, the top electrode was composed 

of an oxygen exchange layer (OEL). The OEL was prepared by 

deposition of top Ti electrode and annealing at 400 °C in 

forming gas atmosphere. In addition, we prepared two control 

samples. The first with a top Ti electrode, but with no thermal 

treatment. The second control sample also had a top Ti 

electrode, but was subjected to the same thermal treatment 

before its deposition.  

The InGaAs pn junction was grown by metal organic molecular 

beam epitaxy on n-type InP substrate. The base layer thickness 

was 20 nm with acceptor doping concentration of ~5·10
19

 cm
-3

, 

and the collector was 200 nm thick unintentionally doped 

(donor doping concentration of ~5·10
16

 cm
-3

). The metal stack 

was prepared by the lift-off technique. Devices with emitter 

area of 7x15 µm
2
 and 22x45 µm

2
 were fabricated by standard 

photolithography. 

During electro-forming, the devices were divided into two 

groups. The first group was electro-formed at positive polarity, 

and the second group at negative polarity.  The current 

compliance during electro-forming was set externally by the 

semiconductor parameter analyser between 10-20 µA.  

Additionally, the current was limited by the serial resistance 

between the formed filament and the base contact (red arrow 

in Fig.2a,b).  The base layer sheet resistance is of the order of 1 

kΩ/□, and therefore the serial resistance between the filament 

and the base contact is a few kΩ’s, depending on the filament 

location. The experimental results are shown in Figs.  3,  4. After 

forming the devices exhibit resistive switching. 

Fig.  3 shows the Gummel plot characteristics of a device of 

type A during forming and at the low resistance state (LRS). No 

collector current was detected at LRS following forming by a 

negative voltage applied to the semiconductor electrode. This 

implies that no gap existed between the filament and the 

semiconductor (Fig.3a), and that the filament grew from the 

cathode (semiconductor electrode). A gap may have existed at 

the top electrode side. By contrast, an exponentially increasing 

collector current was obtained in devices formed by positive 

voltage applied to the semiconductor electrode, indicating that 

the filament grew from the cathode (the metal electrode) 

during forming (Fig.  3(b)).  In summary, Fig.  3 shows that in 

devices with two inert (of high impedance to oxygen 

exchange) electrodes, the filament grew from the cathode side 

during forming, regardless if it was an inert metal or 

semiconductor electrode.  

Fig. 4 presents the experimental results obtained for devices of 

type B, having a top OEL. In all cases, namely following forming 

at both polarities, an exponentially increasing collector current 

was obtained.  Hence, a gap remained between the filament 

and the semiconductor after forming at both polarities, 

implying that the filament grew from the OEL towards the 

semiconductor regardless of the polarity of the forming 

voltage. Other scenarios, such as that the filament originated 

at some distance from the semiconductor electrode, are hard 

to justify 
32

.  

Our interpretation of the experimental results is illustrated in 

Fig.  5, which shows the forming process of type A and B 

devices at the two different polarities. When both electrodes 

are of high impedance to oxygen exchange, the filament grows 

from the cathode side.  However, when the anode is an OEL, 

the filament grows from the anode. In the next section we 

discuss our finding within the MIEC model, and within the field 

induced nucleation model. We point out that the number of 

set\reset cycles in our devices is limited due to the sensitivity 

of the semiconductor pn junction to the high current density 

and heating in the vicinity of the filament. We therefore limit 

this report to include forming and LRS characteristics. We 

finally mention, that both control samples (described above) 

showed the same behaviour as the devices having top Pt 

electrode (type A), implying that the difference in growth 

directions between devices type A and B is due to the OEL, 

rather than changes in the bulk oxide caused by thermal 

  

Fig.  4 Measured base (majority carrier) and collector (minority carrier) currents (absolute value) versus base–emitter voltage during 

forming and at the low resistance state (LRS) of device type B (with an OEL). (a) Semiconductor (base) served as cathode during 

forming – minority carriers measured at LRS, gap detected at semiconductor interface. (b) Semiconductor served as anode during 

forming - minority carriers measured at LRS, gap detected at semiconductor interface. 
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The insulating gap at a semiconductor electrode 

If one of the RRAM electrodes is a semiconductor, as in the 

device described in this publication, the filament to electrode 

contact at LRS is essentially a metal-semiconductor contact. 

Typical contact resistance of the metal/p-InGaAs system at a 

doping concentration of p=5·10
19

 (cm
-3

), as in our experiment, 

is of the order of ρc~10 Ω·μm
2
 
45, 46

. Hence, when the filament 

grows from the metal electrode towards the semiconductor, 

and the filament tip diameter is of the order 1-10 nm 
21, 32

, the 

contact resistance of the filaments is 10
5
-10

7
 Ω.  In this case, 

most of the applied voltage drops across the filament 

semiconductor contact, and the small area Ohmic contact 

between the filament and the semiconductor is practically 

equivalent to a tunnelling gap. On the other hand, when the 

filament grows from the semiconductor towards the metal 

contact, the diameter of the filament at the semiconductor 

may be much larger. In this case, the voltage drop across the 

filament semiconductor contact is small, and no minority 

carrier current is detected. In the schematic illustrations 

shown in Fig. 5a, with the left inert electrode representing the 

semiconductor electrode in our device, the filament may also 

connect between the two electrodes with the narrow tip at 

the anode side. 

The material filling the insulating gap in RRAM devices may 

either be composed of the pristine insulator, e.g. HfO2 in our 

devices, or an oxide of the electrode. The electrode-oxide can 

be formed either during device fabrication or during 

electroforming. If one of the electrodes is a semiconductor, it 

is expected that a thin oxide of the semiconductor constituting 

elements will be present, as is the case for the MIS-BT devices 

described in this publication. 

 

Models of Filament Growth 

Two different models can help understand the experimentally 

observed effect of the OEL layer on the filament growth direction. 

These two complementary models are described in this Section.  

Mixed ionic electronic conduction 

The MIEC approach attempts to solve the coupled ionic and 

electronic continuity equations. A simple 1D simulation was 

recently described in 
27

, where a single mobile ionic defect 

(positively charged oxygen vacancies which act as donors) and 

a single type of negative charge carriers, namely the free 

electrons in the conduction band, were considered. A uniform 

low concentration of oxygen vacancies was assumed in the 

pristine device. The temperature was uniform (though higher 

than room temperature). The vacancy distribution induced by 

an applied voltage (the forming process) was calculated in 
2 

 

 

 for different types of ion and electron kinetics at the bulk and 

electrodes. It was shown that the direction of the conductive 

region growth is determined by the relation between the ion 

kinetics at the electrode and that of the bulk. Qualitatively, the 

positively charged donors are attracted towards the cathode, 

where they accumulate and form a conductive region, unless 

they are supplied at such a high rate that their concentration 

in the vicinity of the anode is sufficient to initiate the 

formation of a conductive region there, followed by its 

propagation towards the cathode. The simulations carried out 

in 
27

 thus predict that during electro-forming, formation of the 

conductive region starts from the cathode when electrode 

kinetics (rate of oxygen vacancy supply) are limited in 

comparison to the fast kinetics of oxygen vacancies in the bulk.  

In the opposite case, which is achieved experimentally by 

introducing an OEL at the anode, the conductive region forms 

from the anode.  

This above model predictions motivated this study, and were 

confirmed by the experimental results shown in Fig.  5. We 

note that since the positively charged oxygen vacancies drift 

towards the cathode, the OEL must serve as the anode during 

forming in order to affect the kinetics of filament formation. 

Indeed, devices having an OEL at the anode exhibited superior 

RRAM characteristics 
4, 6, 23-25

.  

MIEC model is capable of explaining the existence of an insulating 

gap between the filament and one of the electrodes. According 

to the MIEC model, when the anode is of high impedance to 

material exchange with the ambient, positively charged 

oxygen vacancies drift towards the cathode, while there is no 

supply of vacancies from the anode. Thus, a region depleted of 

oxygen vacancies must be formed at the anode, as 

demonstrated in Fig.  5(a,b). 

 

Field induced nucleation switching  

The field induced nucleation (FIN) concept 
47-50

 first developed 

for phase change memory 
28

, describes how it can be 

energetically favourable to form a conductive needle shaped 

nucleus in an insulating material under strong enough electric 

field E. The FIN approach is based upon a thermodynamic 

model, where the free energy gain is of electrostatic nature: it 

is given by the energy FE=-p·E of the strong electric dipole 

p=α·E induced in the conductive embryo of length h having the 

polarizability α=h
3
.  The FIN concept does not depend on the 

details of system structure and is equally applicable to phase 

change memory and resistive memory systems; it can as well 

explain dielectric breakdown in thin insulating films. 

Experimental evidence for FIN was observed in several PCM 

devices 
50

, and filamentary RRAM devices 
51, 52

. Note that the 

FIN model complements the MIEC model as it describes 

filament formation from the thermodynamic point of view 

regardless of its chemical composition. 

Assuming the dominance of the electrostatic energy gain, the 

FIN model predicts the time to form a conductive filament at 

the electrode 
28

: 

)2( 
�

0
0 exp

W V

kTV
τ τ

 
=   

 
 

Page 5 of 7 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Nanoscale 

6 | Nanoscale, 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

where 0
τ   and �V   are material parameters, kT is the thermal 

energy, and V is the voltage across the insulating layer. It is 

straightforward that adding to the electrostatic energy a small 

contribution from the difference µ in chemical potentials per 

volume between the conducting and insulating phases, leads 

to the renormalization: 

)3( � �

2

2

1
1

3 2

d
V V

E h

π µ
ε

  → +  
   

 

where  1d h <<   is the small ratio of the filament diameter 

over its height, and ε is the electric permittivity. 

The chemical potential correction is relevant here because it 

helps understand the role of positive vacancy saturation in the 

case of Fig. 5a, when the filament forms at the cathode owing 

the local environment overcrowded with oxygen vacancies. 

That phenomenon immediately follows from the latter two 

equations where µ linearly decreases with the vacancy 

concentration. In fact, these equations offer a possible 

experimental verification via measuring the devices using 

different switching fields where the effect of vacancy 

concentration is predicted to be different.  

In the present context, the chemical potential correction 

predicts the observation of filament formation at the OEL 

regardless of the voltage polarity. One other useful prediction 

of FIN model is based on the recently found effect of the 

nucleation barrier decrease due to the image charges related 

to a metal electrode 
47

: it follows that the filament forms on 

the electrode and not in the middle of the device. 

The FIN model also provides explanation to the formation of a gap 

between the filament tip and the electrode. It is based on the 

separation between the regimes of constant charge vs. that of 

constant potential across the capacitor forming the RRAM 

structure. The overlay between these regimes takes place 

when the filament growth time, t, is comparable to the RC 

time of the system. When RC>>t, the system is recharging and 

slowly maintaining the condition of constant charge Q. 

Correspondingly, the electrostatic energy Q
2
/2C decreases 

when its capacitance increases as the filament grows. The 

condition RC<<t corresponds to fast recharging and constant 

voltage regime, for which the electrostatic energy CV
2
/2 

increases with capacitance as the filament grows. Therefore, in 

this regime the filament growth becomes energetically 

unfavourable leaving a gap between the tip and the electrode. 

We have verified that the RC parameter in the low resistance 

and high resistance states takes values that are respectively 

smaller and greater than the characteristic time of filament 

formation, in accordance with the above prediction. 

The validity of this model requires that the electro-static 

energy is dominant, namely heating is insignificant, and the 

gap maintains its dielectric properties during the set\forming 

process. We have measured our devices using low current 

compliance of 10 µA and built in based resistor which reduce 

self-heating effects. We speculate that in devices that show an 

Ohmic behaviour in the LRS (i.e. no gap exists), significant self-

heating occurs during the forming process. 

Conclusions 

In this work, we provided experimental evidence for the 

filament growth direction in VCM RRAM. We have shown that 

the metal-insulator-semiconductor bipolar transistor structure 

is useful as a detector for the existence of a gap between the 

filament and a semiconductor electrode, and therefore 

provides instrumental information on the filament growth 

dynamics. Furthermore, our experimental technique shows 

how to control the filament growth direction during forming 

by varying polarity and electrode chemistry. The experimental 

results are analyzed and in agreement with two different 

models describing the filament formation: one based upon 

mixed-ionic-electronic-conduction, and the other based on 

field induced nucleation. Additionally, the nature of the 

insulating gap in bipolar RRAM devices of both metal-insulator-

semiconductor (MIS) and metal-insulator-metal (MIM) 

structures was discussed.  
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Fig. 5 Schematic illustration of the growth of a conductive 

filament during electroforming. In device type A, having two 

inert electrodes - filament grows from the cathode towards the 

anode (a) and (b). In device type B with an OEL - filament grows 

from the OEL regardless of the polarity: (c) filament grows from 

the OEL anode towards the cathode or (d) filament grows from 

the cathode, when the anode is inert. 
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