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Students at upper secondary and college level in many countries are introduced to quantum physics (QP)
in a mostly mathless course. Research shows that addressing epistemological and philosophical aspects
would be beneficial for novice students’ conceptual understanding. However, physics teachers seldom
address these nature of science (NOS) aspects in their lessons. We take the view that teachers only
implement these aspects if this serves their goals. This study explores whether experienced Dutch high
school teachers, who are not trained for NOS teaching, address NOS in their QP lessons when provided
with NOS-infused teaching resources. We based our framework on literature about pedagogic content
knowledge and on the principles of the practicality of educational innovations. Teacher interviews
(N ¼ 10) supported by classroom observations provided insights into how and why teachers use specific
elements from the resources. Our research reveals teachers’ perspectives on teaching QP in secondary
schools and why they think NOS aspects can be helpful to reach their teaching goals. Our findings support
the view that conceptual QP is valuable for all students because an informed NOS view is vital for
everybody in today’s society. Additionally, we expect that an ecological intervention that supports teachers
and at the same time recognizes their professionality and environment has potential implications for other
fields of science education and could have a significant positive impact in classrooms.
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I. INTRODUCTION

Quantum physics (QP) has been introduced as a com-
pulsory topic in the physics curriculum at pre-university
level in many countries [1] because of its scientific and
societal importance. The unparalleled explanatory and
predictive capacity of quantum theory has made it the
basis of all contemporary models for the constituents of
matter. Furthermore, the rapid development of information
technology in the last decades has only been possible
because of progress in QP. If secondary school physics only
dealt with 19th-century physics, students would receive an
outdated worldview and would be unaware of what to
expect in higher education physics [2,3]. Additionally,
science education researchers have labeled QP as one of
the biggest cultural achievements of science [4,5], with
a status similar to the Copernican and Darwinian revolu-
tions. Therefore, learning about QP is regarded as being
valuable not only for future scientists but for all students as

part of liberal education, even if they lack the mathematical
background to comprehend the formalism of quantum
theory [2,3,6].
Indeed, we have seen an increasing number of studies

on innovative ways to teach QP in secondary schools in
the last few years [7–14]. Most of these innovations are
concerned with new technical or cognitive approaches to
teaching QP concepts; students’ epistemological problems
rooted in their ideas about the nature of physics are rarely
explicitly addressed. Additionally, it is seldom mentioned
what valuable learning opportunities QP offers for all those
students who do not plan a career in quantum technology.
Research suggests that discussing distinctive aspects of
nature of science (NOS) in QP could be such a learning
goal [2,15]. Explicit attention to NOS would additionally
provide possibilities to address students’ epistemological
questions [16,17]. As teachers are instrumental in enabling
students to benefit from NOS-informed QP approaches, we
want to explore practicing teachers’ views on teaching QP
with explicit attention to NOS aspects.
At university level, the approach to QP is mainly

mathematical; any philosophical interpretations of the
formalism have commonly been neglected in teaching
since the 1950s [18,19]. QP interpretations form the link
between quantum formalism and the reality of experimental
results. In contrast to the undisputed mathematical
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description of QP, its interpretations are responsible for the
most famous and long-standing controversy in physics
[15,20,21]. Fundamental ideas of different interpretations
have even found their way into popular science media. For
example, the so-called Copenhagen interpretation, attrib-
uted to Bohr and Heisenberg, postulates that particles such
as electrons do not have a specific position but exist in a
superposition of all possible measurement outcomes; only
by making a position measurement, we create a specific
outcome. However, in the pilot wave interpretation, advo-
cated by famous physicists such as de Broglie, Bohm,
and Bell, a quantum particle always has a well-defined
position, although we miss information to exactly predict
the outcome of position measurements. The ongoing
controversy between proponents of different interpretations
may seem purely philosophical, but it is also relevant for
physics education because the way students imagine an
electron largely depends on how QP is interpreted in their
lessons [22].
The complex calculations used in university courses are

beyond the math skills of secondary school students, and
even simplified versions of quantum formalism do not
usually belong to the school curriculum in most countries
[1]. Therefore, secondary school teachers use a conceptual
approach to QP. Here we use “conceptual QP” in the same
sense as “conceptual physics” is commonly used in physics
education to describe qualitative teaching of the central
concepts of physics. Instead of focusing on mathematical
expressions, the conceptual approach aims to engage
students in model-based reasoning to construct and con-
solidate new concepts [23,24]. To acquaint students
with some QP ideas, secondary education physics courses
spotlight key concepts such as wave-particle duality,
Heisenberg’s uncertainty relationship and quantum physi-
cal atomic models. Although the presumed most significant
obstacle—complex mathematics—is eliminated from this
conceptual approach, learners still struggle with quantum
concepts, mainly because QP phenomena contradict not
only their common-sense notions but also the classical
Newtonian physics they previously learned. It therefore
seems necessary to guide students towards a new under-
standing of the physical world, recognizing the essential
role of interpretations and models in QP.

A. Why NOS aspects should be included
in QP teaching

The development of new models and interpretations is
inherent to science in the making and part of the nature of
science. NOS is a prominent and widely discussed term in
science education. It refers to a spectrum of ideas that
describe the development and status of scientific knowl-
edge; it characterizes science as a human endeavor
and includes epistemological, philosophical, and societal
aspects [25,26]. While science education researchers do
not always agree on how—if at all—NOS should be

defined [27], it is beyond question that students should
learn how scientific knowledge is constructed and how
science is practiced. Some aspects of NOS, such as the
importance of empirical evidence or the use of observations
and inference, are commonly addressed in physics lessons
because they relate to students’ activities in practical
inquiries [28]. However, aspects such as the role of
scientific models, the tentativeness of scientific knowledge,
or the existence of controversies in science are rarely
discussed in school physics [17,29,30]. This omission is
problematic because what is clearly visible in the develop-
ment of the foundations of QP is quite unique for school
physics: existing theories and models were not rejected but
framed in their validity, and with the help of classical
analogies and familiar words (electron, atom), completely
new concepts were developed. Therefore, these NOS
aspects play an essential role in learning QP.
Learners’ difficulties with conceptual QP are often

rooted in the tenacity of classical conceptions and rigid
epistemologies [31]. To overcome these problems, many
researchers advocate enriching conceptual QP lessons with
NOS themes related to philosophy and epistemology
[2,15,16,32,33]. Philosophical and epistemological issues
have always been associated with the development of
QP concepts. Famous examples are Schrödinger’s cat and
the Bohr-Einstein debates about the meaning of the
mathematical formalism for reality [34]. Table I shows
more examples of how NOS aspects are linked to the
content of the QP curriculum.
In physics education literature, we find two main reasons

why NOS can help students learn conceptual QP. First, if
historical and controversial philosophical elements are
addressed adequately, physics is more appealing to stu-
dents, as they experience it as a living, human endeavor
instead of a rigid collection of abstract facts [35,36].
Second, discussing NOS aspects such as scientific con-
troversies and the historical development of quantum
theory can be helpful to overcome conceptual problems
[15,37–40]. For example, authors argue that the conceptual
difficulties students commonly experience are very similar
to those of pioneering physicists during the development of
quantum theory. Therefore, NOS helps students to con-
struct knowledge by addressing the historical development
of physics concepts [40–42]. Additionally, some research-
ers state that discussing philosophical questions is impor-
tant for students who are encountering QP for the first time
[43,44] because, even if not intended, NOS issues are
always part of conceptual QP teaching. Whenever invisible
quantum entities, such as electrons, are visualized in
textbooks, computer simulations or animations, the devel-
opers make implicit interpretational choices, which might
lead to misconceptions. Additionally, teachers unavoidably
interpret mathematical formalism and influence the devel-
opment of students’ ideas about QP concepts by using
models, metaphors, or analogies [45–48].
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The aforementioned arguments from physics education
literature explain how NOS is helpful for learning QP. From
the viewpoint of NOS learning, a relevant science context is
crucial [49–51], and it is argued that QP could provide such a
context. In conceptual QP, for example, students can realize
that a model or analogy cannot explain all the properties of
an electron and that controversy between scientists is an
essential element in the development of scientific knowledge
[52]. Additionally, if students themselves discuss the use of
scientific models or rival interpretations, they experience an
essential scientific practice: debating various viewpoints to
obtain a better conceptual understanding [38].

B. Why NOS aspects are not included in QP teaching

1. Exam syllabus and textbooks

There are no mandatory NOS aspects in the QP section
of the national final exam syllabus for physics in the
Netherlands and most other countries which assess this
topic at secondary school level [1]. As long as NOS is not
one of the explicitly stated learning objectives in the
curriculum, teachers do not see it as their task to teach it
[53,54]. Additionally, textbooks, the most commonly used
teaching resource in physics classrooms, rarely support
teachers in their integration of NOS aspects. Generally,
most physics textbooks stress science as a body of knowl-
edge with little attention to NOS [55].

2. Traditional physics lessons; teachers’
and students’ expectations

Teachers who do not see the utility value of informed
views of certain NOS aspects are unlikely to include these

NOS aspects in their physics lessons. A recent study on the
use of controversies in science lessons revealed that all
participating teachers indicated that controversy is essential
to science, but they preferred to discuss it with students
outside of class. In the opinion of the participants, teaching
“the facts” is most important. They assumed that discussing
scientific controversies might confuse students rather than
help them in the national exams [39].
The Norwegian ReleQuant project in upper secondary

classrooms is the only reported broadly implemented
teaching approach with a focus on qualitative understand-
ing, NOS, history, and philosophy of QP [56]. The web-
based instructional materials in this project include several
activating pedagogies stimulating students’ philosophical
and epistemological reflections. In an evaluation of the
project, in addition to positive results, the researchers found
that students were frustrated by tasks such as discussing
their interpretational views on QP because they lacked the
possibility to check whether their answer was correct
or not; students also did not recognize NOS aspects as
learning goals in their own right [57]. The authors explain
students’ resistance to elements of the new approach as
being a result of their expectations and socialization in
traditional physics classrooms.

3. Pedagogic content knowledge

Although most Dutch physics teachers hold a master’s
degree in physics and have attended QP courses at uni-
versity, these courses concentrate on mathematical formal-
ism rather than interpretational and conceptual aspects.
Additionally, QP had been introduced into the upper
secondary curriculum in the Netherlands four years ago,

TABLE I. Examples of connections between NOS and QP content for teaching.

NOS aspect Example of intended NOS views Related QP items
Examples of how the NOS aspect can be
explicitly addressed in QP teaching

The role of scientific
models

Scientific models are not a complete
representation of reality, but they
serve to explain or predict certain
aspects of phenomena.

• Wave-particle duality* Depending on the situation, either the wave
model or the particle model is useful to
describe electrons or light. Some
properties of atoms can be illustrated
with the Bohr model, but to explain the
existence of atomic energy levels, we use
the ‘particle in a box’ model.

• Photoelectric effect*

• Atomic models*

• Particle in a box*

The tentativeness
of scientific
knowledge

Scientific knowledge is, in principle,
always open to development,
warranted change and improvement.

• Quantum tunneling* It is not possible to explain these quantum
phenomena with Newtonian physics.• Double slit experiment

with single particles*

• Atomic energy levels*

The role of
controversies in
science

Discussions and disagreements about
scientific ideas are essential in
scientific development. Different
interpretations may exist.

• Different interpretations
of QP (what quantum
theory means for
reality)

There is no consensus about the
(need for) interpretations of quantum
theory. Different scientists adhere,
for example, to the Copenhagen
(or agnostic), the pilot wave, or the
many-worlds interpretation.

*Item listed in Dutch exam syllabus.
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and the majority of teachers were not prepared to teach
conceptual QP and lack a broad repertoire of QP pedagogical
content knowledge (PCK) [58,59]. To describe the dynamic
construct of PCK, we adopt the five PCK subcategories of
Magnusson et al. [60], which are teachers’ personal knowl-
edge and beliefs about (i) the goals and purpose of subject
teaching; (ii) curriculum content; (iii) students’ situation-
specific learning difficulties; (iv) assessment of subject
matter; and (v) topic-specific instructional strategies.
Teacher’s lack of PCK subcategories (ii)–(v) is a natural
start-up problem for new curriculum content. How their
teaching of QP will develop depends largely on teachers’
knowledge and beliefs about purposes and goals for teaching
QP in secondary school [PCK subcategory (i)]. Therefore,
part of our research concentrates on revealing teachers’
ideas about the purposes of teaching QP. Unlike others,
who describe a separate “NOS PCK” developed in NOS
courses [61], we adopt Van Dijk’s [62] notion of PCK, which
contains knowledge of topic-specific NOS aspects, that
“emerge from the content that is being taught and should
not be treated as general features that can be placed into a
particular context when teaching science.” [62].
Even without participating in a NOS course, teachers

might feel that NOS aspects such as historical, philosophical,
and epistemological themes are directly related to learning
conceptual QP. Therefore, in this study, we consider NOS as
a possible educational goal and part of teachers’ PCK.
Before formulating the resulting research questions in

Sec. I. D, we briefly introduce a key instrument for this
study; the instructional materials for teaching QP with
explicit attention to NOS, and describe how these materials
are used in interventions.

C. Teaching material

1. Practicality

While the entanglement of QP and NOS is apparent,
even a perfect theoretically and pedagogically developed
innovative teaching module is useless if teachers do not use
it. In everyday classrooms, teaching comprises much more
than finding the best cognitive route for students to reach
the learning goal; in a fast-paced, information-rich envi-
ronment, teachers are expected to implement lesson plans,
prepare for exams, enforce school rules and at the same
time build interpersonal relationships with students to help,
inspire, correct, comfort, challenge or support them, not
only in their subject learning but also in their emotional and
general cognitive development. Therefore, implementing
any “research-based” teaching strategy—with new subject
content and pedagogies—is not straightforward for teach-
ers. Teaching strategies which are not perceived as useful
are unlikely to make their way into classrooms.
To achieve a successful implementation of teaching

innovations, Doyle and Ponder [63] distinguish three pre-
conditions or practicality dimensions: (1) Instrumentality:
Rather than imposing abstract principles (e.g., NOS tenets)

on teachers, innovative teaching practices should be trans-
lated into concrete classroom procedures; (2) congruence:
Practices should fit the way teachers perform classroom
activities, their self-perception, and the classroom setting in
which they work; and (3) low cost: Practices should not
demand a significant amount of time and effort. In a follow-
up study, Westbroek, Janssen, and Doyle [64] found that it is
essential to connect teachers’ professional core goals with
the proposed innovation. These goals reflect teachers’
fundamental beliefs about good teaching. Therefore, useful
teaching resources support teachers’ individual teaching
goals, add value to their expertise and ideally work with
little extra investment of time and effort.

2. Ecological intervention

Because QP is a new curriculum domain and thus
not burdened with ingrained, difficult to change teaching
practices, it is particularly suitable to develop new PCK,
which includes relevant NOS elements. This QP PCK can
be supported by teaching or learning material that meets
the above specified criteria of Doyle and Ponder [63].
Janssen et al. [65] showed how building blocks, or lesson
segments, can be used to customize available teaching
resources. Adapting, recombining, or rearranging the
order of lesson segments can lead to different teaching-
learning processes suitable for specific demands of class-
room ecologies [66]. Elaborating on this idea, we devel-
oped buffet-style teaching resources to support teachers’
QP PCK. The design of the resources was guided by
Doyle and Ponder’s prerequisites for successful innova-
tion and findings from research on students’ learning
difficulties in QP, and topic-specific teaching strategies
were applied in the teaching material. The development
and further details on the content of these learning
resources will be presented in a separate publication [67].
The educational material was made available to teachers

in the form of a presentation containing 142 editable
presentation slides, covering all the learning objectives from
the Dutch QP curriculum. Additionally, we intertwined
NOS-related elements into building blocks to facilitate
(or tempt) teachers to address NOS aspects in QP teaching.
To make the resources instrumental, we prepared elements
teachers could use directly in the classroom, such as concept
questions for online voting (see Fig. 1), discussion prompts
(see Fig. 2), and a selection of publicly available explanatory
videos. The buffet-style format made the resources con-
gruent because, by selecting specific parts of the slide
presentation, teachers tailor the material to their specific
situation and their preferred teaching activities. The ready-
made slide presentations with pre-arranged online concept
questions and short videos make the material easy to use in
classrooms, and therefore low cost.
In contrast to a conventional instructional intervention,

where teachers have to follow steps precisely, we call
our approach an ecological intervention. Following
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Janssen et al. [66], we adopt Doyle’s [68] ecological
perspective on the classroom as a social-ecological
environment.
From this perspective, it is possible to describe how

teachers’ decisions influence and depend on a complex
interaction between personal characteristics and environmen-
tal factors such as student population, technical possibilities,
time constraints, and behavioral patterns. An ecological
teaching intervention provides teachers with a flexible tool-
boxwith various possibilities for situation-dependent actions.
In our context, a teacher could, for example, skip or

delete slides with discussion prompts if there is not enough
time for discussions or decide to discuss the videos about
different interpretations of QP if they consider this as
meaningful. They could also change the order of the slides
to make them compatible with the textbook they use.
Table II provides an overview of the content items that
relate to NOS aspects (scientific models, tentativeness, and
controversies in science). Table II also shows the various
activity formats supported by the instructional material.
To illustrate the slide presentation, we show two (trans-

lated) slides in Figs. 1 and 2. In contrast to common
concept questions, the question “What is an electron?” does
not have a straightforward, correct answer and provokes
many new questions. It could even be discussed if the
question itself is valid. Discussions can be facilitated by

first collecting individual answers using a web-based
student response system with smartphones, followed by
peer discussion [69]. Teachers could alternatively choose
to use the multiple answers to begin a class-wide dis-
cussion on NOS aspects such as “the role of scientific
models,” “the tentativeness of science knowledge,”
or general epistemological and philosophical questions
about our possibilities to understand reality. Teachers
could, on the other hand, skip the whole question and
only use the slides which contain explanations or teach
from the textbook instead of the provided slide presen-
tation. Figure 2 shows a slide that offers a prompt for an
open discussion. Again, teachers could remove the ques-
tion “Why did this take five years?” and just present it as
the transformation of a formula.

D. Research questions

This study’s context is defined by a recent curriculum
change, which highlighted in-service physics teachers’
lack of experience in teaching QP and the fact that NOS
is not part of mandatory teaching requirements. To support
teachers’ PCK for qualitative QP, they were offered easy-
to-enact and easy-to-adapt (buffet-style) teaching or learn-
ing material with several possibilities to explicitly address
and integrate NOS aspects in QP lessons. When teachers
choose to use NOS teaching opportunities in the instruc-
tional material, we wish to explore their motives. In
Shulman’s PCK framework [58,59], addressing NOS
aspects in the lesson supports their beliefs about the
purpose of QP teaching or, viewed from the practicality
perspective of Doyle and Ponder [63,66], NOS fits in
teachers’ goals of QP teaching. Through teacher interviews,
lesson observations, and learning activity responses from
students, we attempt to answer the following questions:

RQ1: Which NOS aspects—if any—do the teachers
address in their QP lessons, and what teaching
activities do they choose for this?

RQ2: How do teachers’ goals in QP lessons relate to
these NOS aspects?

The order of the research questions reflects our evidence-
based research design. As explained in the Sec. II, we ask
questions to elicit teachers’ intended goals based on their
actual classroom activities. We choose not to ask about
teachers’ goals first. In this way, we avoid that a teacher
might state desirable goals that are not realized in real
lessons. This enhances the validity of our results.

II. RESEARCH DESIGN AND METHODS

In this study, we aim to collect evidence of teachers’ use of
NOS aspects in teaching QP and to obtain insights into why
and how they address NOS in their physics classrooms. To
understand our methodological choices and to emphasize the
specific nature of this study, we first distinguish it from other

FIG. 1. Example of a slide with a concept question.

FIG. 2. Example of a slide with a discussion prompt.
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types of research with thematic and methodological overlap.
In contrast to many other science education studies, our aim
is not to investigate the effectiveness of NOS teaching
material for students; instead, we focus on teachers’ practices
and goals. We also do not probe the characteristics of
educators who use NOS in their classrooms or the problems
they experience. Our research is performed in natural,
authentic school conditions and deals with upper secondary

QP courses, in which teachers have the freedom to decide
how to reach their teaching goals. With an ecological
intervention, we acknowledge teachers’ professionality
and their expertise to choose teaching strategies useful for
their specific situation. An in-depth analysis of interviews
gave us insights into why and how different teachers in a
similar situation use NOS in their lessons. Figure 3 gives an
overview of our research design.

TABLE II. Overview of the structure, content, and supported activities of the instructional material.
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Introduction

Electrons as particles (repetition) yes

Atomic models (repetition) yes

Waves (repetition) yes

Wave interference yes

Superposition yes

Light

Light as wave yes

Double slit experiment with light yes

Photoelectric effect yes

Quantization of light yes

Matter

Wave-particle duality yes

Double slit exp. with particles yes

Probability distribution yes

De Broglie wavelength yes

Electron microscope yes

QP inter-
pretations

Copenhagen interpretation no

Many worlds interpretation no

Pilot wave interpretation no

Atomic 
models

Discreet energy levels yes
Particle in a one-dimensional 
box

yes

Hydrogen atom quantum model yes

Phenomena, 
principles 

Heisenberg’s uncertainty 
principle

yes

Quantum tunneling yes

Alpha decay yes

Applications, 
technology

Scanning Tunneling Microscope yes

Quantum dots no
aLegend: = suggested NOS aspect in the material 

= supported teaching activity (no explicit NOS)
= intended NOS aspects in instructional activity 
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A. Context and participants

Since 2016, QP has been a mandatory part of the national
written physics exam in the Netherlands and is usually
taught in pre-exam classes (grade 12, students aged 17–18).
NOS is not explicitly included in the QP learning objec-
tives. The official national curriculum does not prescribe
any instructional framework or pedagogy for teaching.
Ten physics teachers from six different Dutch public

secondary schools volunteered to participate in the study;
three of them taught parallel classes. Table III gives an
overview of teachers’ characteristics (names are changed).
Because we wanted to investigate the participating teach-
ers’ authentic needs, practices, and lesson goals, they
were not pressured to use the material in a specific way.
Four to six weeks before teaching QP, the teachers received

the full teaching material and a written instruction about
how students could use the online voting system on their
smartphones for concept questions. Additionally, teachers
received a short individual oral introduction to the material
to explain how the slide presentation could be adapted
and how peer instruction could be effectively used. NOS
aspects were not discussed during this instruction. Before
and during the teaching period, the first author was
available for individual questions via email.

B. Data sources and data collection

The primary data source for this study is teacher inter-
views; we collected additional data (left side in Fig. 3) with
the aim to triangulate the interview results. For this, we
observed at least one lesson of each class, and we recorded

FIG. 3. Research design overview.

TABLE III. Teacher characteristics and data availability.

Available lesson data

Name Gender
Age
group

Years teaching
Grade 12

Educational
Backgrounda

Taught
groups

Observ. class
periods

Video class
periods

Student
responsesb

Teacher
reports

Interview
length (min)

Nina f 30–39 5–10 A 2 4 0 CQ, PI 4 36
Emma f 40–49 5–10 A 1 1 0 CQ, WT, PI 2 35
Daan m 40–49 5–10 B 1 2 0 none 1 58
Oliver m 40–49 >10 A 1 1 0 CQ 1 35
Karim m >50 >10 A 1 2 0 PI 1 52
Liam m >50 >10 A 2 2 0 CQ, PI 0 38
Ben m >50 >10 A 2 4 0 CQ, PI 6 60
Hanna f >50 >10 A 1 3 3 CQ, WT, PI 2 40
Tim m >50 >10 A 1 3 3 PI 0 40
Milan m >50 >10 C 1 3 3 none 0 45

aEducational background: A ¼ MSc ðphysicsÞ plus postgrad. teacher training; B ¼ M:Ed ðphysicsÞ; C ¼ PhDðphysicsÞ plus postgrad.
teacher training.

bStudent responses CQ ¼ online results of concept questions, WT ¼ students’ written tasks, PI ¼ written results of peer instruction.
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lessons from three schools to see how teachers imple-
mented the material. Additionally, we collected student
responses to online concept questions and written tasks and
emails from teachers reporting on the progress of the
lessons or asking questions about the provided material.
The data collection during lessons reflects the possibilities
and problems of data taking in everyday school life.
Therefore, we do not see the diversity in our dataset as
a shortcoming but rather as a characteristic of an ecological
intervention study.
To understand teachers’ goals related to integrating NOS

into their QP lessons (RQ 2), the first author conducted
individual semistructured interviews (35 to 60 min) with
each teacher (see the Appendix [70] for the interview
guide). These were audiotaped and transcribed verbatim
for further analysis. For the interviews, we adapted the
technique of practical reasoning from Janssen et al. [66] to
find the goals that underlie teachers’ decisions regarding
the parts of the instructional materials they used. The
interviews followed the thematic structure of the instruc-
tional materials (Table II), and teachers were asked to
explain whether and how they used each part of the slide
presentation. If teachers mentioned that they addressed
NOS aspects, the interviewer asked follow-up questions to
understand why they decided to teach QP in this way.
Through this interview strategy, we got detailed insights
into teachers’ intentions, goals, and students’ responses to
each element of their lessons. In this study, we focus only
on the goals teachers mentioned when addressing themes
related to NOS.

C. Data analysis

In the first round, three anonymized interviews, selected
on diversity, were individually analyzed by three research-
ers, the two authors, and a university physics education
lecturer. First, each researcher filtered out all fragments that
were related to NOS teaching and deductively coded for the
three NOS aspects on which this research focuses: role
of models, tentativeness, and controversies (see Tables I
and II). Additionally, we coded interview passages about
NOS aspects that did not completely fit into one of the three
targeted NOS aspects. A comparison revealed that all
researchers selected the same interview passages and
decided that henceforth only the first author would select
the relevant passages. To cover the NOS statements that did
not fit in the three targeted aspects (see Table II), we agreed
on adding two new codes: “Limitations of science” for
interview passages in which teachers discussed unanswered
questions in QP, and “Science as Human Endeavor” in
which teachers highlighted the importance of scientists
in historical contexts. This first round of coding hence
provided us with interview excerpts on five NOS aspects
(see Table IV) which we analyzed further.
In the second round, all three researchers independently

coded the selected interview passage from the first three

interviews for (a) specific instructional strategies and
(b) reasons and goals teachers mentioned for using—or
not using—NOS-related teaching activities. The codes for
teaching activities were based on the NOS supporting
instructional material: Narrative/explanation (for mainly
informative teacher monologues, supported by the instruc-
tional material), explanatory video, concept question, and
short written task stem directly from the NOS-supporting
instructional material (see Table II), and peer instruction
and dialogic discourse specify how the discussion prompts
or concept questions were used in the classroom. This part
of the coding was deductive and straightforward without
any discrepancy between the three researchers. It was
therefore decided that the first author coded the remaining
interviews. To improve validity and reliability, the first
author triangulated the findings with other available data
(lesson observations, teacher reports, and digital and
written student responses).
For the coding of goals, we chose an inductive thematic

analysis [71] to be open for all possible teaching goals
which arose during the interviews. A comparison between
the coding by the three researchers of the first three
analyzed interviews revealed differences in how fine-
grained each researcher formulated the themes. After
discussing all themes of the first three interviews, we
agreed on combining some themes with similar meanings
in our context; for example, the preliminary themes make
students think scientifically, stimulate critical thinking,
stimulate reasoning, and scientific argumentation were
merged to “stimulate thinking and argumentation.” We
also agreed that double coding would do justice to the
teachers’ statements in some cases. After agreeing on five
themes of goals (see Table IV), the two authors independ-
ently analyzed three additional randomly selected inter-
views. The five goal codes proved to be broad and varied
enough to categorize all emerging statements, and disagree-
ments were discussed until consensus was reached. The
first author then analyzed the remaining four interview
transcripts. She consulted the second author for some
unclear cases.

III. RESULTS

Table IV provides an overview of the results of our
interview analysis. Data triangulation shows that teachers’
interview statements about which NOS aspects they
addressed and the use of specific teaching activities agree
with what we observed in classrooms.

A. NOS aspects that were addressed in QP lessons

From Table IV, we see that nine of the ten teachers
addressed one or more NOS aspects and that most teachers
(8=10) discussed the role of scientific models in their QP
lessons. The tentativeness of scientific knowledge was a
topic in the lessons of five teachers.
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Also, five teachers used different currently discussed QP
interpretations to thematize controversies in science. Two of
them only did it after the lesson with a small group of
students because they did not want to “waste” time on a
subject that is not in the exam syllabus and presumably
would not interest many students. Additionally, three teach-
ers stressed the development of QP as a human endeavor,
and two teachers explicitly addressed the limits of science.
One teacher (Milan), interestingly, the one who holds a

Ph.D. in quantum theory, clearly expressed that he did not
see any usefulness for NOS in teaching QP.

I hardly ever talk about models. […] I don’t think it’s
that interesting. I’m pragmatic; quantum mechanics
works perfectly, so it is easy to work with. When we
interpret it, we lose it. […] Yes, it is a conscious choice
not to discuss interpretations. I really don’t find the
philosophical interpretation of quantum interesting.
I think it is unfinished. (Milan)

B. Chosen instructional activities
in which NOS aspects were addressed

A comparison of the applied instructional activities
(Table IV) shows that teachers created very different
lessons with the material provided, reflecting their personal
preferences. For example, in the observed lessons, we
could characterize Nina and Ben as talented storytellers;
their students listened attentively and participated in the
interactive elements of narratives and explanations.
Although both teachers used monologues, they constantly
connected with the students by appealing to their imagi-
nation, as illustrated in this passage from Nina’s lesson.

…try to imagine how it was at that time. [pause] You
wrote letters to your colleagues about your thoughts,
your ideas. It was not immediately on the internet.
[pause] There was no internet.

A different instructional strategy was visible in Hanna,
Emma, and Tim’s lessons: often walking through the
classroom, they skillfully involved students in dialogues,
questions, and discussions. Emma explained that this is
her preferred way of teaching: I don’t really like to lecture,
so I try to arrange for them to talk to each other.
Overall, episodes of dialogic discourse were the pre-

ferred classroom activity to address NOS aspects. We use
the term “dialogic discourse” to refer to classroom sit-
uations in which teachers acted as facilitators of a whole-
class dialogue in which students were encouraged to
express their ideas and respond to others. For example,
teachers asked students to give argued reasons for their
answers to concept questions and ensured that different
students were intellectually engaged in the exchange of
ideas. As the dialogues evolved, teachers provided direc-
tion for digressive discussions and regularly summarized

the results. Although in some lessons only a small number
of students participated in the discussion, teachers saw
benefits for those who only listened:

I think a lot of students have never thought about it
[reasons for different models of electrons], and some of
them did not contribute much to the conversation either.
But I had the feeling that no one thought it was nonsense
to talk about it. Apparently, it’s still interesting to listen
to what others say. It is a way to construct your own
understanding. That’s what I like about such a con-
versation in a class. If you don’t participate in the
discussion because you’re perhaps not that far yourself
yet, you can still learn from others. (Hanna)

Concept questions were especially popular to address
the role of models. For example, a question about the
nature of electrons (see Fig. 1) was used by eight teachers
to address the purpose of particle models in different
situations. They collected students’ answers using the
online voting system (six teachers) or by raising hands
(two teachers). Five teachers used concept questions to
initiate small-group peer instruction, as intended in the
instructional material; the others directly initiated a
whole-class discussion. Reasons given for not implement-
ing peer instruction were limited lesson time and the
possibility to guide students’ discussions.

I don’t think that’s a good idea[to have peer instruc-
tion]; a teacher is very much needed to remove mis-
conceptions, to manage the discussions.[…] Maybe it
will work eventually, but it is not efficient. (Ben)

The three teachers who addressed controversies in
science in class used explanatory videos to introduce this
topic: they appreciated this compact and informative type
of presentation.

I actually knew very little about different interpretations.
When I studied QP at university, we only did the math.
So the videos are great, and those film-makers have
more tools to visualize something than I have. (Hanna)

After the students had watched the short videos in class,
the teachers engaged them in discussions about different
interpretations, students’ personal ideas, and the signifi-
cance of controversies in science.
Liam and Ben, who taught parallel classes, experienced

differences in the interest for certain topics between the two
groups of students they taught and adapted their lessons
accordingly. Ben described students’ reactions on a short,
animated video on quantum behavior:

The first group was very interested; they just thought:
wow, something’s happening here that I’ve never seen.
They were motivated by the subject. But the other group
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thought: I don’t understand what’s happening. They
weren’t ready yet, I think, for the intellectual challenge.

We also observed teachers struggling to find the right
way to teach NOS concepts. Karim, for example, was
unhappy because his teaching goals did not seem to fit most
of his students’ expectations. He wanted to engage them in
scientific conversations about QP interpretations, but he did
not know how to achieve this goal:

I think for some students it’s too hard, that the level of
abstraction is actually too high. And for some students,
it’s too exhausting. […] There are students with whom
you can talk about this [QP interpretations] and who
also see the added value. But for most of them, this year,
it didn’t work; there was no click. (Karim)

The provided short written task about the role of models
was the least-used teaching strategy. Three teachers rec-
ognized the value of putting thoughts on paper and tried it
in class, but only one teacher thought she was likely to
use it again. The other teachers felt that organizing and
discussing the writing was too time-consuming.
In summary, those teachers who addressed NOS aspects

in their lessons regarded the following teaching or learning
activities (supported by the instructional material) as useful:
introducing the NOS-related topic through narrative or
explanation, explanatory videos or concept questions, and
further elaboration of the topic through discussion in small
groups (peer instruction) or together with the whole class
(dialogic discourse).

C. Teachers’ goals in QP lessons related
to NOS aspects

For the conceptual understanding of QP, most teachers
regarded it “inevitable” that they would devote lesson time
to NOS topics such as the role of models (in the context
of wave-particle duality) and believed that NOS aspects
could also serve other teaching goals (see Table IV). In the
following, we compile the goals teachers mentioned for
each NOS aspect.
Role of models.—Most teachers (8 out of 10) felt that it is

crucial for students’ understanding of QP concepts to
actively discuss the role of scientific models.

For me, the biggest benefit is that it [the discussion on
the nature of electrons] revealed that we use models
which co-exist, and that you can explain different
things with them, but that they are all useful scientific
models. …. The students realized that it’s a model you
work with. That’s new to most of them. Usually, they
think: what you learn is how it is. (Liam)

Even in an ‘intellectually less engaged’ class, it was
possible to stimulate students’ thinking and argumentation.

There was a real discussion about that you can use one
model for one situation and the other for another. […] It
was about the double-slit experiment. The question was:
how do you know whether it is a wave or a particle. […]
If you manage to make them look at their own argu-
ments, then you will get a fruitful discussion. (Karim)

Tentativeness of scientific knowledge.—This was con-
sidered useful by five teachers for achieving the goals to
make students think, evoke their interest, or purely to
explicitly address tentativeness as an important feature
of scientific knowledge. Teachers found that tentativeness
was easier to address in QP than in most other parts of the
curriculum.

Sometimes you feel like it [science] is finished,
and then all of a sudden, you discover a new world
behind it and that it’s still happening. Students can see
this in quantum physics. For other subjects, you don’t
talk about it that much because it’s mostly classical
physics. (Nina)
A student said: “People in a hundred years’ time may
find our advanced models stupid and simple.” It’s nice
when they realize this; it’s very valuable. (Liam)

Controversies in science.—Five teachers believed that a
discussion of controversies surrounding QP interpretations
was a good way to evoke the curiosity and interest of
“a certain kind” of students. While some students could
enthusiastically philosophize about possible multiple uni-
verses, other students disengaged and preferred to be told
what to learn. Only one teacher thought that it was essential
for all students to address controversies as an inherent
characteristic of science in the making:

In QP, you must talk about different interpretations
because otherwise, you don’t give an honest picture of
where we are right now. (Tim)

Human endeavor.—According to three teachers in our
study, historical contexts and comprehensible human stories
in QP are most suitable for evoking curiosity and interest.
Several teachers mentioned that the physics textbook they
used did not provide a link between the explanations of
isolated QP concepts. Therefore, they assumed that under-
standing the development of theories and models as a human
endeavor would help students to make sense of new content
and connect it to prior knowledge.

It sticks better, I think. […] historical facts about
how they thought or who discovered what give
students a framework in which they can place their
knowledge. (Daan)
I think it might be even more important [than learning
content knowledge] for them, for the future. This feeling:
Science is a fascinating process for curious people […].
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That it’s sometimes nice when reality turns out to be
different from what you thought, and perhaps only then,
they start to find it really interesting. (Ans)

1. Limits of science

Two teachers saw an opportunity to address the fact
that science cannot answer all questions. They wanted to
provoke students’ astonishment and stimulate their think-
ing by stating that there is no answer to the question of what
an electron really is.

In the past, I got the question: “What am I supposed to
do with this? It is just old stuff.” Well, now they see that
we still can’t explain everything. Students find this more
exciting. (Tim)

To summarize, teachers’ most important reason to
address NOS aspects was to enhance students’ under-
standing of QP concepts. The fragmented presentation of
QP in physics textbooks was seen as problematic, and
consequently, teachers felt that a more coherent narrative of
scientists’ struggles and wonder during the development of
quantum theory is desirable. Teachers thought that this
would not only arouse students’ curiosity but also help
them to relate QP to previously learned concepts and
models. All participants mentioned additional educational
goals, such as increasing students’ self-efficacy and pre-
paring students for the final exam, but teachers did not link
these goals to addressed NOS aspects.

IV. DISCUSSION

A large number of studies in science education have
found that NOS is rarely addressed in secondary physics
lessons because teachers are not familiar with NOS teach-
ing [40,72], find it irrelevant for students’ physics learning
[39], find it too difficult to teach [73] or consider it not
possible because of time restrictions and preparation for
national exams [72]. In our research, in contrast, most
teachers indeed chose to address NOS aspects—especially
the role of models—in their QP lessons even though they
had no specific NOS training and NOS is not mandatory in
the curriculum, and even though the lessons took place a
few months before the national final exam. This remarkable
result requires an analysis of teachers’ reasons for address-
ing NOS aspects in their lessons. But first, we will reflect
on possible limitations to the significance of our research.
The literature regularly reports that when interviewed,

teachers over-estimate their in-class instructional practices
[74,75]. In order to counteract this phenomenon, we
observed several lessons to triangulate the interview results.
These triangulations revealed no differences between actual
and reported classroom activities. Moreover, the partici-
pants received the innovative QP learning materials without
being specifically alerted to the embedded NOS aspects.
Consequently, they had no reason to exaggerate their use

of NOS. This is evident in the openness of the interviews. A
telling example of this openness is the teacher who made no
secret of not using a single NOS-related teaching activity.
This attitude of the participants, together with the triangu-
lation of the data, ensures the validity of our findings.
Nevertheless, there are two reasons why our results may

not be representative of all physics teachers. First, all
participants studied physics and graduated from teacher
training programs in Dutch universities. Their master’s
degree in physics certifies broad academic subject knowl-
edge. For countries where nonspecialists teach physics
at the upper secondary level, the situation is likely to be
different. Second, we recruited our volunteers at confer-
ences on physics education. Therefore, we have a self-
selected sample of teachers: As conference participants,
their interest in new ideas for physics lessons is likely to be
above average. Additionally, they volunteered because they
were dissatisfied, at least to some extent, with the way QP is
covered in textbooks. On the other hand, this self-selection
is unrelated to the extent to which teachers practice NOS
instruction in general. The participating physics teachers
were not familiar with the term NOS; it is not a common
topic in Dutch teacher training or physics degree programs.
Accordingly, we have no reason to believe that our
participants had much experience with NOS teaching.
The finding that teachers found it worthwhile to

address—at least some—NOS aspects in their QP lessons
suggests that our ecological instructional material meets
Doyle and Ponder’s requirements of practicability; it
provides concrete and directly usable classroom activities
and is adaptable to teachers’ instructional preferences and
specific classroom settings. In the introduction, we argued
that teachers address NOS aspects in physics lessons only
when they consider it practical [63] and helpful in achiev-
ing their teaching goals [64]. Therefore, we shall interpret
the fact from this perspective.
We also explained in I.B.2 that teachers would develop

their QP PCK with respect to Magnusson’s first PCK
subcategory, knowledge and beliefs about the goals and
purposes of subject teaching [60]. Thus, if teachers con-
sider NOS as a learning goal in itself, they will strive to
infuse their QP teaching with NOS aspects. Indeed,
research shows that teachers who want to integrate NOS
into regular teaching often solely lack appropriate contexts
and/or strategies [76]; our teaching materials provide both.
The answer to our second research question (on teachers’
goals) sheds light on whether the teachers in our study used
QP primarily as a means to teach NOS or whether they used
NOS aspects to achieve their goals in QP.
We identified five main goals that teachers have when

addressing specific aspects of NOS in QP: (i) enhance-
ment of conceptual understanding, (ii) stimulation of
thinking or argumentation, (iii) arousal of curiosity and
interest, (iv) connection to prior knowledge and contexts,
and (v) indication of how science works. Only the latter is
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primarily a NOS-related teaching goal, and only three
teachers mentioned it in the interviews. This seemingly
low NOS awareness might appear disappointing at first
sight. However, it shows that teachers who are under
pressure to prepare students for the final exam and
working in a regular school system in which NOS is
not examined have other priorities.
However, the encouraging finding of our study is that

teachers discussed NOS aspects in class, not to pursue NOS
as a goal in itself, but as a means of achieving other goals.
This phenomenon is not mentioned in the literature on
the teaching of other physics topics. As well as for
students [52], it is likely that for teachers, the NOS-related
topics are evident here because QP still contains many
elements of science in the making. Issues such as the
difficulty of finding a suitable model (for wave-particle
duality) and the existence of controversies between scien-
tists (on interpretations) do not appear in other topics in the
physics curriculum. Teachers were certainly encouraged by
the teaching materials to address NOS aspects in QP. Still, it
is striking that many teachers in our study addressed NOS
aspects that are not part of the final examination. Therefore,
we believe the reason for the teachers’ use of NOS in
our study is likely to be due to their intentions to teach
conceptual QP in a good way.
In addition to our findings on teachers’ goals in QP

lessons, the analysis of the teachers’ preferred instructional
strategies also provides important insights for NOS imple-
mentation in regular physics lessons. We found that
dialogic discourse was the most commonly used activity
(by 8 out of 10 teachers) to address various NOS aspects
in QP lessons. This classroom activity allowed teachers
to engage students while moderating the discussion.
Interestingly, in a recent review McComas, Clough, and
Nour [77] found that the most effective NOS instructions
are “teacher practices that encourage students to be
mentally engaged and think about NOS and that assist
students to come to more accurate conclusions” (p. 70
emphasis in the original). While our study does not focus
on the effect of instruction on students’ NOS views, it is
encouraging to notice that most of the participants chose a
potentially effective NOS teaching strategy. In general,
participants in our study were experienced teachers with a
well-developed repertoire of topic-specific instructional
strategies (part of PCK). These skills enabled them to
use strategies like whole-class discussions or peer instruc-
tion, even for new, more challenging topics, such as
philosophical discussions regarding QP interpretations.
The most popular practical tools for initiating dialogic

discussions were the concept questions. The voting system
prompted all students to think and decide on an answer.
The engagement effect of concept questions (or clicker
questions) is well-known in physics education research
[69]. However, in contrast to traditional clicker questions,
several NOS-related concept questions had no defined

correct answer (see Fig. 1) but were intended to prompt
discussion. Although previous research found that such
uncertainty in QP classes can be unfamiliar and unsatisfac-
tory for students [57], many teachers in our study managed
to encourage students to participate in the discussions.
From the literature, it is known that for experienced teachers,
NOS implementation and the use of thought-provoking
questions for discussions go hand in hand [78]. Again,
the combination of teachers’ general PCK (judging which
concept questions are appropriate for discussion and skills to
lead a group discussion) and the provided resources are
likely to be responsible for this outcome.
Other frequently used instructional strategies for NOS

aspects (used by 6 out of 10 teachers) were narratives
and explanations. Teachers’ preferences for these tradi-
tional strategies concur with research on classroom practice
in upper secondary school physics [79]. Narratives and
explanations give learners guidance and context, especially
for new and counterintuitive concepts such as those in QP.
In fact, narratives based on the history of science combined
with classroom conversations are reported as powerful
NOS teaching strategies [80,81]. Explanatory videos were
an easy-to-use alternative. Teachers who considered intro-
ducing controversies about QP interpretations, but did not
feel competent to explain them, appreciated the videos.
This supports Kulgemeyer [82], who states that explanatory
videos have potential learning advantages for students and
teachers. Teachers can learn from experts how to introduce
complex concepts.
We would also like to discuss two outcomes that might be

considered as partial failures of our approach. First, only
three teachers discussed controversies surrounding interpre-
tations with the whole class, even though this is arguably
essential for conceptual QP. This is similar to what Dunlop
and Veneu [39] found: teachers regarded discussing con-
troversies in science as suitable for “brighter” students only.
Additionally, some teachers in our study mentioned that they
felt uncomfortable because they knew little about different
QP interpretations. Explanatory videos are a relatively
successful way to support insecure teachers who want to
address this challenging topic. Moreover, if we acknowledge
the professionality of experienced teachers, it is reasonable
that they can judge if a certain group of students is ready for
philosophical discussions or not. This, indeed, indicates that
an ecological intervention is beneficial. Second, one teacher,
Milan,whoholds a Ph.D. in quantumphysics, did not address
any NOS aspect in his lessons. He thought that the only
acceptable context for QP was mathematical formalism. This
pragmatic attitude is shared bymany theoretical physicists but
arguably not helpful to introduce students to QP for the first
time [18]. This again is a consequence of our ecological
approach; if a teacher is convinced that the offered instruc-
tional materials do not serve any purpose, they will not
use them. To get them to implement some NOS aspects in
their lessons, it would take more than just offering new
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instructionalmaterials; the teacherwould have to change their
beliefs as well. We tend to accept that teachers are different
and that it is not possible for everyone to teach in the
desired way.

V. CONCLUSIONS AND IMPLICATIONS

We have argued that conceptual QP and NOS instruction
can mutually support each other but that this approach is
rarely implemented for various reasons. Our results show
that experienced teachers—if provided with practical
instructional material—find addressing specific NOS
aspects beneficial for QP lessons.

A. Concept questions for discussing
the role of models in QP

Our participants saw understanding the role of scien-
tific models as critical for learning conceptual QP. To
visualize quantum entities such as electrons or photons,
they are sometimes modeled as classical particles and in
other situations as waves. If students do not actively
discuss the use and the function of models in QP, they are
likely to be prone to various misunderstandings [31,83].
The teachers in our study found concept questions that
challenged students’ ideas about models particularly
purposeful and practical to address this topic. To facilitate
activating teaching strategies such as peer instruction or
whole-class discussions, more concept questions on this
topic would be helpful.

B. NOS as connection between QP concepts
and QP as context for NOS

NOS aspects such as tentativeness, controversies, and
science as a human endeavor had important roles in many of
our participants’ lessons: they served as contexts to introduce
new QP concepts to students. Teachers who did not feel
competent storytellers or those who lacked knowledge about
these NOS aspects of QP felt supported by short videos that
covered these aspects. In line with research on the con-
nection between teachers’ NOS implementation and their
pedagogies and beliefs about science education [53,84],
teachers in our study used dialogic practices which stimulate
students’ reasoning to achieve goals concerning students’
intellectual and emotional engagement. Many of our teachers
reported that these goals are beneficial for QP learning, and
they found that addressing NOS aspects of QP is necessary
for students’ understanding. Hence, NOS aspects could
serve as a coherent framework for all QP concepts at
secondary school level, and at the same time, be an ideal
example of contextualized NOS instruction. QP might
therefore deserve a prominent position in physics curricula.

C. Implications for supportive teaching materials

Educational research is often criticized for having little
effect on instructional practice [85]. Westbroek, Janssen, and
Doyle [64] argue that educational reforms might be more
successful (i.e., would be integrated into real classrooms) if
the designers of the reform would focus on the goals of
teachers. At the same time, they show that these core goals
are situation and teacher specific. A one-size-fits-all peda-
gogy of educational reform will, therefore, never be suc-
cessful. Our research shows that experienced teachers
addressed NOS in different ways and to varying degrees,
depending on their personal preferences and the perceived
needs of their students. We believe that it is crucial to trust
and acknowledge teachers’ professionality. With this prem-
ise, our study shows that buffet-style materials in an
ecological intervention can produce clear results because
hard-to-change conditions such as curricula, lesson plans,
access to digital devices, student populations, and the
available teachers can be taken as they are.
We can conclude that any support for teaching con-

ceptual QP—and probably other topics—should be prac-
tical, flexible, and adaptable to allow teachers to use it in
different situations. In our view, teaching materials should,
therefore, ideally serve as a database that supports various
possible pedagogies from which experienced teachers can
spontaneously create personalized lessons. We see particu-
lar potential for a collection of concept questions designed
to spark discussions on NOS issues. Further research could
show how best to develop and deliver buffet-style teaching
materials and support teachers in working with them to
prevent one-size-fits-all pedagogies.

D. Implications for further research
on teacher views

There is considerable interest in students’ difficulties
in learning QP, and an increasing number of teaching
approaches for secondary schools have been suggested and
tested. However, little research has been performed on
teachers’ beliefs and practices, and the studies that do exist
relate only to particular teaching situations [86–88]. As
teachers are the most important facilitators of learning, their
perspective is crucial. Therefore, we suggest more studies
on teachers’ goals and needs for conceptual QP in different
educational systems.
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